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Arsenic, lead, cadmium and chromium are highly harmful and carcinogenic metals extracted 
from natural processes and anthropogenic practices such as the iron, electroplating and 
leather industries. Therefore, in order to prevent toxic contamination and to recover these 
heavy metals in the sense of a future circular economy, arsenic, lead, cadmium and 
chromium should be extracted from water. Aqueous arsenic, lead, cadmium and chromium 
species, their toxicity and techniques for extracting them, such as dispersive solid phase 
extraction (DSPE) and extraction of solid phases, are briefly reviewed here. In this research, 
the removal of As, Cr, Cd, and Pb using Fe3O4@Al2O3 and Fe3O4@MnO2 nanoparticles 
(NPs) as a sorbent was aided by dispersive solid phase extraction (DSPE). In order to define 
the NPs, classification techniques such as XRD, SEM, EDX and surface area (BET) were 
used. The experimental parameters influencing the removal process were optimised using 
fractional factorial architecture. Interest analytes were extracted and ICP-OES was then used 
for quantification. Under the optimal conditions, the LOD and LOQ (n = 20) were reasonably 
poor for As, Cr, Cd and Pb. Repeatability (intraday accuracy, n=15) and reproducibility 
(interday accuracy, n=7) ranged from 2.1% to 4.9%. The adsorption potential correlated with 
initial concentrations has been increased by increasing the initial concentration of ions. The 
Langmuir isotherm model and the Freundlich isotherm model were used in the experiment 
in order to study the adsorption balance of cadmium and lead ions. Where, from both models, 
the relative parameters have been crucially evaluated and determined. The sorption 
isotherms are best matched by the Langmuir model (R2= 0.9795) as compared with 
Freundlich model (R2= 0.8593) for Cd(II) sorption and by the Langmuir model (R2= 0.819) 
for Pb(II) sorption as compared with Freundlich model (R2= 0.0952), which proposed 
monolayer coverage for Fe3O4@Al2O3 composite. This can be due to the homogeneous 
distribution on the surface of alumina of surface hydroxyl groups and magnetic iron oxide. 
In order to understand the essence of the adsorption mechanism, the kinetics were studied. 
In addition, the kinetic models (pseudo-first-order, pseudo-second-order, and intraparticle 
diffusion) were used to analyze the mechanism of adsorption and the steps of rate 
determination.   
The kinetic data is best suited to the pseudo-second order, suggesting that this kinetic model 
is more suitable for defining the composite adsorption activity of Cd and Pb. This meant that 
it was dominant with chemisorption. Intraparticle diffusion models were used to test the 
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adsorption phase phases. Finally, in atmospheric water samples, the process of extracting 
Pb, Cd, As and Cr was developed and successfully extended to the identification of the 
analytes.  
Keywords Fe3O4@Al2O3; Fe3O4@MnO2; Nanocomposite; Sol-gel; ICP-OES; Wastewater  
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CHAPTER 1: INTRODUCTION  
 
1.1 BACKGROUND AND JUSTIFICATION OF THE STUDY  
Access to safe drinking water is essential to health, a basic human right and a component of 
effective policy for health protection (Herrera, 2019). The importance of water, sanitation and 
hygiene for health and development has been reflected in the outcomes of a series of international 
policy forums (Manzoor, 2020). Experience has also shown that interventions in improving access 
to safe water favours the poor, whether in rural or urban areas and can be an effective part of 
poverty alleviation strategies (Herrera, 2019). During 1983-1984 and 19931997, the World Health 
Organization (Herrera, 2019) published the first and second editions of the guidelines for drinking 
water quality in three volumes as successors to the previous WHO International Standards 
(Herrera, 2019) .Furthermore, existing freshwater resources are gradually becoming polluted and 
unavailable due to human or industrial activities (Herrera, 2019). The increasing contamination of 
freshwater systems with thousands of industrial and natural chemical compounds is one of the key 
environmental problems facing humanity worldwide  
(Manzoor, 2020). The ever-increasing world’s populations and rapidly advancing industrialization 
are causing more demand than ever for the dwindling water supply (Black, 2013). In some parts 
of the world, water is a crucial commodity. Not so long ago, a paper published in Nature indicated 
that 80% of the world’s population is exposed to high levels of threat to water security (Lehner, 
2011). This is because industrial and domestic effluents containing various pollutants such as 
emerging pollutants and heavy metals are discharged into receiving waters to high levels of water 
pollution.  
Heavy metals such as lead, arsenic, chromium and cadmium amongst many are of critical concern 
due to their toxic and carcinogenic nature, along with their research based documented harmful 
effects to human health (Bharagava and Mishra, 2018). Heavy metal pollution is also a concern 
because many of the drinking water treatment techniques used in the developing world, including 
chlorination, boiling, and solar disinfection, are ineffective at removing heavy metals (Custodio, 
2020). In this work, we focus on the use of low-cost, often locally available, materials that do not 
require additional energy input or modifications to remove heavy metals from water sources.  
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1.1.1 Trace metals in the environment   
The pollution of the environment and its compartments has compromised the ability of the 
environment to foster life and render its intrinsic value. Heavy metals as known to be naturally 
occurring compounds, but anthropogenic activities introduce them in large quantities in different 
environmental compartments. This leads to the environment’s ability to foster life being reduced 
as human, animal, and plant health become threatened. Remediation of heavy metals requires 
special attention to protect soil quality, air quality, water quality, human health, animal health, and 
all spheres as a collection. In this study the focus is on the determination and removal of As, Cr, 
Cd and Pb in environmental matrices and their short description as well as health effects are discuss 
in the subsequent paragraphs.  
1.1.1.1 Arsenic   
Arsenic (As) is abundantly found in the Earth’s crust and small quantities in rocks, soil, water and 
air(Hu, 2020).It is present in many different minerals such as arsenopyrite, a compound of iron, 
arsenic, and sulfur and several other, less-common minerals contain arsenic, such as orpiment, 
realgar, and enargite, which are arsenic sulfides (Anuradha Jabasingh, 2019). About one-third of 
the arsenic in the atmosphere originates from natural sources, such as volcanoes, and the rest comes 
from man-made sources (Anuradha Jabasingh, 2019). Due to natural geological contamination, 
high levels of arsenic can be found in drinking water that has come from deep drilled wells 
(Tabelin, 2018). Industrial processes such as mining, smelting and coal-fired power plants all 
contribute to the presence of arsenic in air, water and soil (Anuradha Jabasingh, 2019). 
Environmental contamination also occurs because it is used in agricultural pesticides and 
chemicals for timber preservation. More than 200 million people in 70 countries are exposed to 
arsenic through drinking water (Huq, 2020). Moreover, long term exposure to this metalloid has 
been associated with the onset of many diseases, including cancer or cardiovascular, neurological, 
and metabolic diseases (Hughes, 2011). Epidemiological evidence supports its carcinogenic 
potential, however, detailed molecular mechanisms remain to be elucidated (RuízVera, 2019). 
Despite the global magnitude of this problem, not all individuals face the same risk. Susceptibility 
to the toxic effects of arsenic is influenced by alterations in genes involved in arsenic metabolism, 
as well as biological factors, such as age, gender and nutrition.   
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1.1.1.2 Cadmium  
Cadmium (Cd) is a soft, silver-white metal that is not usually present in the environment as a pure 
metal but is most often found in zinc, lead, and copper ores (Remelli, 2016). Cadmium is regarded 
as one of the most toxic trace elements that are released naturally in the environment by volcanoes, 
and weathering of rocks. Cadmium also emanates from human activities, namely mining and the 
production, use and disposal of products containing cadmium (Le et al., 2018). It can be transported 
from one location to another, in particle forms that are either blown by the wind or washed away 
by water. Cadmium originating from different sources may find its way to parts of the human 
population through food and beverages, drinking water, air, and cigarette smoking (Roleda, 2019). 
Although acute Cd toxicity caused by food consumption is rare, chronic exposure to high Cd levels 
in food could significantly increase the accumulation of Cd in certain body organs (Jacquet et al., 
2018). When the concentration in the human body reaches levels considered to be harmful (> 200 
μg per gram wet weight in the renal cortex), it mainly affects kidneys and bones. It is also a 
carcinogen by inhalation which can affect Cadmium can accumulate in liver, kidneys and bones, 
which may serve as sources of exposure later in life (Tiesjema and Mengelers, 2016). In the 
environment, cadmium is toxic to plants, animals and micro-organisms. Being a simple chemical 
element, cadmium is persistent it cannot be broken down into less toxic substances in the 
environment.  
1.1.1.3 Chromium   
Chromium (Cr) is the 17th most abundant element in the Earth’s mantle which is found in all phases 
of the environment (air, water, and soil) and its many chemical forms are pollutants with serious 
implication to the environment and human health (Nirola, 2018). It occurs naturally as chromite 
(FeCr2O4) in ultramafic and serpentine rocks or complexed with other metals like crocoite 
(PbCrO4), bentonite Ca6(Cr,Al)2(SO4)3 and tarapacaite (K2CrO4), vauquelinite 
(CuPb2CrO4PO4OH), among others (Gordalla 2011). Cr(VI) is regarded as the most toxic type of 
Cr, which generally occurs associated with oxygen as chromate (CrO4
2−) or dichromate (Cr2O7
2−) 
oxyanions. Cr(III) is less mobile, less toxic, and is mainly found bound to the organic matter in 
soil and aquatic environments (Grandgirard et al., 2002).Chromium is widely used in industry as 
plating, alloying, and tanning of animal hides, inhibition of water corrosion, textile dyes, mordants, 
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pigments, ceramic glazes, refractory bricks, and pressure-treated lumber (Shore and Shemesh, 
2016). Due to the wide anthropogenic use of Cr, the consequent environmental contamination 
increased and has become an increasing concern in the last years.  
Despite a century of industrial use, there are still gaps in the basic knowledge of the mechanism of 
action of Cr and its effects on the major organ systems in animals and humans (Nadler, 2004). The 
most common effects on humans apart from lung cancer and death are skin rashes, upset stomachs 
and ulcers, respiratory problems, weakened immune systems, kidney and liver damage, and 
alteration of genetic material. Chromium is recognized to enhance the action of insulin, a hormone 
decisive to the metabolism and storage of carbohydrate, fat, and protein in the body. Its toxic mode 
of action is mediated by DNA strand breaks, reactive oxygen species production, and its 
association with the glutathione metabolism in living systems. Cr(VI) is also toxic to many plants 
aquatic animals, and microorganisms. Contrarily to Cr(VI), Cr(III) is considered a micronutrient 
in humans (Hocaoglu-ozyigit, 2020), is necessary for sugar and lipid metabolism and is generally 
not harmful. In plants, particularly crops, Cr at low concentrations (0.05– 1 mg L−1) was found to 
promote growth and increase yield, but it is not considered essential to plants. Accumulation of 
chromium in edible plants may represent a potential hazard to animals and humans (Shahid et al., 
2017).  
1.1.1.4 Lead (Pb)  
Lead is a naturally occurring bluish-grey metal available in small amounts in the Earth's crust 
(Anon, 1921). Lead toxic effects cause environmental and health problems because of its stability 
in the contaminated site and complexity of mechanism in biological toxicity(Kim et al., 2013). In 
particular, it is dangerous for children leading to mental retardation when existing with an 
abnormal concentration in body fluid (Rychik et al., 2019). Knowledge and awareness of the 
problem are essential to limit the risk of lead exposure (Shreejha et al., 2020). An increased amount 
of lead in our environment comes from human activities including burning fossil fuels, mining and 
manufacturing (Piasecka et al., 2020). Lead is one of four metals that have the most damaging 
effects on human health (Chasapis et al., 2020). Major sources of lead pollution in South Africa 
may be divided into two major categories: environmental and domestic industrial activities like 
Paint (older homes, old toys, furniture, crafts), soil etc. (Hazeltine, 2003). The industrial lead 
exposures are mainly due to the particulates generated by coal-burning and roasting of minerals 
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(Xu et al., 2019) i.e. iron pyrites, dolomite, alumina etc. The domestic lead exposures come mainly 
from cooking by use of the solid fuels (i.e. coal, biomass, agriculture waste, etc.), paints, ceramic 
glazes, cosmetic and fold remedies, drinking water and food, etc. In Vietnam in the period of 2000–
2011, lead pollution had increased from an estimated 10 tons per year to 1,000,000 tons per year, 
accompanying population and economic growth (Nguyen et al., 2018).  
Lead can be combined with other metals to form alloys. Lead and lead alloys are commonly found 
in pipes, storage batteries, weights, shot and ammunition, fishing sinkers, cable covers, and sheets 
used to shield us from radiation (Grieken, 2018). The largest use for lead is in storage batteries in 
cars and other vehicles. Lead compounds are used as a pigment in paints, dyes, and ceramic glazes, 
and caulk. Lead paint was banned for consumer use in 1978 in the U.S (Abdel Rahman and Ojovan, 
2016), however, it is still used in industrial paints such as those used on cars, bridges, and ships. 
Lead has also been used as a stabilizer in some plastics like vinyl miniblinds. Tetraethyl lead and 
tetramethyl lead were once used in the U.S. as gasoline additives to increase octane rating, but 
their use was phased out nationwide in the 1980s. Lead was banned for use in gasoline for motor 
vehicles beginning January 1, 1996. Tetraethyl lead may still be used in gasoline for off-road 
vehicles and aeroplanes (Hazeltine, 2003).  
1.2 PROBLEM STATEMENT   
South Africa's progression related to environmental challenges depends entirely on proper 
management and usage of many resources (for example water, which is the driving force of all 
nature) (Anon, 2017). The shortage of water resources in South Africa is a serious concern that 
persists at an alarming rate (Cai et al., 2017). Access to safe drinking water has improved over the 
last few years in most parts of the world, but it was estimated that about one billion people still 
lack access to safe water and over 2.5 billion lack access to adequate sanitation (Cai et al. 2017). 
A key environmental problem facing South Africa is water pollution (Cai et al. 2017). This arises 
from many sources, including mining and industrial effluents, and runoff of biocides, nutrients and 
pathogens from agricultural lands, urban areas and informal settlements with poor sanitation (Cai 
et al. 2017) . This is because of poor or lack of treating wastewater before its release into the 
environment. The consequences are often severe, including; habitat destruction, reduced oxygen 
levels, fish kills and loss of human life (Cai et al. 2017). A growing number of contaminants are 
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entering water supplies through industrial developments and human activity like heavy metals, 
dyes; pharmaceuticals; pesticides, phenols, pesticides and detergents (Cai et al. 2017).   
The presence of toxic pollutants such as heavy metals in the environment is of concern due to 
known and unknown health effects of chronic low-level exposure to heavy metals (Cai et al. 2017). 
However, the determination of toxic trace elements in real samples is challenging because of their 
low concentrations and matrix effects even with the sophisticated analytical techniques (Cai et al. 
2017). Heavy metals may be determined satisfactorily by a variety of methods, with the choice 
often depending on the precision and sensitivity required. This method can be described as 
colourimetric methods as well as instrumental methods, i.e., atomic absorption spectrometry (Cai 
et al. 2017), including flame (Cai et al. 2017), electrothermal (furnace) (Cai et al. 2017), hydride 
generation (Cai et al. 2017), and cold vapour techniques (Cai et al. 2017), flame photometry (Cai 
et al. 2017), inductively coupled plasma emission spectrometry (Lepri et al. 2010), inductively 
coupled plasma mass spectrometry (Gil et al. 2015), and anodic stripping voltammetry (Kumkrong 
et al., 2018). Flame atomic absorption spectrometric methods generally are applicable at moderate 
(0.1-10-mg L-1) concentrations in clean and complex-matrix samples (Kántor, 2001). Even though 
the above mentioned analytical methods are used for quantitative analysis, initial methodological 
techniques are needed on to extract metals from complex matrices or  remove or minimize 
interfering ions before determination (Resano et al. 2020). This is because techniques such as 
FAAS, electrothermal (furnace), hydride generation, and cold vapour techniques, flame 
photometry etc. cannot accurately quantify metals at trace levels. In addition, techniques such as 
ICP-OES and MS suffer from interferences. To overcome these challenges several sample (Azimi 
et al. 2017) preparation techniques have been developed are reported in the literature. These 
include cloud point extraction (Publiques et al. 2018), hollow fibre-solid phase microextraction 
(HF-SPME) (Darvishnejad, Bakhsh, and Ghani 2020) , stir bar sorptive extraction (SBSE) 
(Loukanov et al. 2020) and solid phase extraction (Zhao et al. 2020) .Once the levels of toxic trace 
metals are known in the water system, it is important to remove them to safe guard living 
organisms.   
  
Thereof, various methods of removing heavy metals have been developed. inspired by research 
and literature have been implemented such as cyanide treatment (Botz n.d.), electro-chemical 
precipitation (Brewster and Passmore 1994), reverse osmosis (Bouguerra et al. 2008), adsorption 
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(Arora 2019), and ion exchange (Azimi et al. 2017). Among these methods, adsorption is the most 
widely used method because of its high efficiency and low cost (Keng et al. 2014). The adsorption 
process by solid adsorbents shows potential as one of the most efficient methods for the treatment 
and removal of chemical contaminants in wastewater treatment. The adsorption process is widely 
used for treatment of industrial wastewater from organic and inorganic pollutants and meet the 
great attention from the researchers (Keng et al. 2014). In recent years, the search for low-cost 
adsorbents that have pollutant–binding capacities has intensified. Materials locally available such 
as natural materials, agricultural wastes and industrial wastes can be utilized as low-cost adsorbents 
(Keng et al. 2014).  
The adsorbent materials must have a high specific surface area, many adsorption sites, and 
chemical stability (Keng et al. 2014). Furthermore, carbon materials such as activated carbon 
(Keng et al. 2014), activated carbon fibres (Keng et al. 2014) and carbon nanotube-based material 
composites (Keng et al. 2014), as well as magnetic oxide (i.e. Fe3O4@MnO2@Al2O3) 
nanoparticles (Abdolmohammad-Zadeh et al. 2021) have been applied for preconcentration and 
removal of trace metals aqueous solutions. In particular, nanomaterials possess a series of unique 
physical and chemical properties that have high chemical activity and adsorption capacity on the 
surface of the materials (Abdolmohammad-Zadeh et al. 2021). Various nanoadsorbents were 
overviewed in treating contaminated water; their advantages and drawbacks in such applications 
were evaluated (Abdolmohammad-Zadeh et al. 2021). However, the magnetic adsorbents have 
attracted attention due to their excellent properties such as easy separation and high adsorption 
capacity (Abdolmohammad-Zadeh et al. 2021).  
1.4 AIMS AND OBJECTIVES   
The aim of the study is to develop a magnetic nanocomposites as a potential nanoadsorbents for 
the removal and preconcentration of cadmium, arsenic and lead from environmental water 
samples.  
1.4.1 Specific objectives   
1. Synthesis and characterization of magnetic Fe3O4@Al2O3 nanocomposite as an adsorbent 
for the removal of Cd and Pb.  
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• Optimization of the adsorption process  
• Application of kinetics and equilibrium studies for adsorption data modelling  
2. Preparation and characterization of Fe3O4@MnO2 nanocomposite as an adsorbent for 
magnetic solid phase extraction of As, Cd, Cr and Pb.   
• Optimization of the pre-concentration method  
• Validation and application to real samples  
1.4 DISSERTATION OUTLINE   
The dissertation is structured in five chapters. The briefing description of each part and its chapters 
is presented below.  
  
Chapter 1 includes Introduction and Literature review. The general introduction or background to 
the topic, problem statement as well as the objective of the study is described in chapter 1. Chapter 
2 presents the literature review on the analytical techniques used for preconcentration and 
determination of emerging heavy metal pollutants.   
Chapter 3 presents the results and discussion that were obtained using magnetic solid phase 
extraction a sample clean method. In this part, the performance of a synthesized and characterized 
magnetic nanocomposite absorbent in the solid phase preconcentration of heavy metals were 
investigated. This further includes the optimization of the adsorption process, application of 
Kinetics and equilibrium studies for adsorption data modelling and the application of the 
adsorption process for the removal of Cd and Pb from real samples.   
Chapter 4 the application of a Fe3O4@MnO2 nanocomposite as an adsorbent for magnetic solid 
phase extraction of As, Cd, Cr and Pb was also investigated and the results were discussed. 
Chapter 5 highlights the major finding and the conclusions drawn from the results obtained from 
chapters 3-4 as well as recommendations.  
 
9  
1.5 REFERENCES   
Abdel Rahman, Rehab O., and Michael I. Ojovan. 2016. Recent Trends in the Evaluation of 
Cementitious Material in Radioactive Waste Disposal.  
Abdolmohammad-Zadeh, Hossein, Zahra Ayazi, and Saeed Aliyari. 2021. “Facile Preparation and 
Application of AlxMgFe2-XO4 Nanoparticles as a Magnetic Nano-Sorbent for 
Preconcentration of Cadmium.” Journal of Alloys and Compounds 853:157203. doi: 
10.1016/j.jallcom.2020.157203.  
Anon. 1921. “Indirect Determination of Function.” The Lancet 198(5117):666–67. doi: 
10.1016/S0140-6736(01)34204-6.  
Anon. 2017. “The Era of Sustainable Agricultural Development in Africa : Understanding the 
Benefits and Constraints.” (February). doi: 10.1080/87559129.2017.1300913.  
Anon. n.d. “Anuradha Jabasingh S.”  
Arora, Rajeev. 2019. “Adsorption of Heavy Metals-a Review.” Materials Today: Proceedings 
18(1):4745–50. doi: 10.1016/j.matpr.2019.07.462.  
Azimi, Arezoo, Ahmad Azari, Mashallah Rezakazemi, and Meisam Ansarpour. 2017. “Removal 
of Heavy Metals from Industrial Wastewaters: A Review.” ChemBioEng Reviews 4(1):37– 
59. doi: 10.1002/cben.201600010.  
Bharagava, Ram Naresh, and Sandhya Mishra. 2018. “Hexavalent Chromium Reduction  
Potential of Cellulosimicrobium Sp. Isolated from Common Effluent Treatment Plant of  
Tannery Industries.” Ecotoxicology and Environmental Safety 147(August 2017):102–9. doi: 
10.1016/j.ecoenv.2017.08.040.  
Botz, Michael M. n.d. “O c t M.” (1):1–10.  
Bouguerra, W., A. Mnif, B. Hamrouni, and M. Dhahbi. 2008. “Boron Removal by Adsorption onto 
Activated Alumina and by Reverse Osmosis.” Desalination 223(1–3):31–37. doi:  
10.1016/j.desal.2007.01.193.  
Brewster, M. D., and R. J. Passmore. 1994. “Use of Electrochemical Iron Generation for Removing 
Heavy Metals from Contaminated Groundwater.” Environmental Progress 13(2):143–48. 
doi: 10.1002/ep.670130219.  
10  
Cai, Jialiang, Olli Varis, and He Yin. 2017. “China’s Water Resources Vulnerability: A 
SpatioTemporal Analysis during 2003–2013.” Journal of Cleaner Production 142:2901–10. 
doi:  
10.1016/j.jclepro.2016.10.180.  
Chasapis, Christos T., Panagoula Stamatina A. Ntoupa, Chara A. Spiliopoulou, and Maria E.  
Stefanidou. 2020. “Recent Aspects of the Effects of Zinc on Human Health.” Archives of 
Toxicology 94(5):1443–60. doi: 10.1007/s00204-020-02702-9.  
Custodio, María, Edith Orellana-Mendoza, Richard Peñaloza, Heidi De la Cruz-Solano, Wilfredo  
Bulege-Gutiérrez, and Rebeca Quispe-Mendoza. 2020. “Heavy Metal Accumulation in 
Sediment and Removal Efficiency in the Stabilization Ponds with the Hydrocotyle  
 Ranunculoides  Filter.”  Journal  of  Ecological  Engineering  21(5):72–79.  doi:  
10.12911/22998993/122189.  
Darvishnejad, Fatemeh, Jahan Bakhsh, and Milad Ghani. 2020. “Analytica Chimica Acta MIL101 
( Cr ) @ Graphene Oxide-Reinforced Hollow Fi Ber Solid-Phase Microextraction Coupled 
with High-Performance Liquid Chromatography to Determine Diazinon and  
Chlorpyrifos in Tomato , Cucumber and Agricultural Water.” Analytica Chimica Acta 
1140:99–110. doi: 10.1016/j.aca.2020.10.015.  
Gil, Raúl A., Pablo H. Pacheco, Soledad Cerutti, and Luis D. Martinez. 2015. “Vapor Generation  
- Atomic Spectrometric Techniques. Expanding Frontiers through Specific-Species  
 Preconcentration.  A  Review.”  Analytica  Chimica  Acta  875:7–21.  doi:  
10.1016/j.aca.2014.12.040.  
Gordalla, B. C. 2011. “Standardized Methods for Water-Quality Assessment.” Treatise on Water 
Science 3:263–302. doi: 10.1016/B978-0-444-53199-5.00060-9.  
Grandgirard, Julie, Denis Poinsot, Liliane Krespi, Jean Pierre Nénon, and Anne Marie Cortesero.  
2002. “Costs of Secondary Parasitism in the Facultative Hyperparasitoid Pachycrepoideus 
Dubius: Does Host Size Matter?” Entomologia Experimentalis et Applicata 103(3):239–48. 
doi: 10.1023/A.  
Grieken, R. Van. 2018. Preventive Conservation Studies at the University of Antwerp , Five 
Representative Cases.  
11  
HAZELTINE, BARRETT. 2003. “Planning and Implementation.” Field Guide to Appropriate 
Technology 17–156. doi: 10.1016/b978-012335185-2/50045-0.  
Herrera, Veronica. 2019. “Reconciling Global Aspirations and Local Realities: Challenges  
Facing the Sustainable Development Goals for Water and Sanitation.” World Development 
118:106–17. doi: 10.1016/j.worlddev.2019.02.009.  
Hocaoglu-ozyigit, Asli. 2020. “Cadmium in Plants , Humans and the Environment.” 
1(September):12–21.  
Hu, Lifang, Zhiyuan Nie, Wenjie Wang, Dongchen Zhang, Yuyang Long, and Chengran Fang.  
2021. “Arsenic Transformation Behavior Mediated by Arsenic Functional Genes in 
Landfills.” Journal of Hazardous Materials 403(August 2020):123687. doi:  
10.1016/j.jhazmat.2020.123687.  
Huq, Md Enamul, Shah Fahad, Zhenfeng Shao, Most Sinthia Sarven, Imtiaz Ali Khan, Mukhtar 
Alam, Muhammad Saeed, Hidayat Ullah, Muahmmad Adnan, Shah Saud, Qimin Cheng, 
Shaukat Ali, Fazli Wahid, Muhammad Zamin, Mian Ahmad Raza, Beena Saeed,  
Muhammad Riaz, and Wasif Ullah Khan. 2020. “Arsenic in a Groundwater Environment in 
Bangladesh: Occurrence and Mobilization.” Journal of Environmental Management 
262(January 2019):110318. doi: 10.1016/j.jenvman.2020.110318.  
Kántor, T. 2001. “Electrothermal Vaporization and Laser Ablation Sample Introduction for  
Flame and Plasma Spectrometric Analysis of Solid and Solution Samples.” Spectrochimica 
Acta - Part B Atomic Spectroscopy 56(9):1523–63. doi: 10.1016/S0584-8547(01)00266-X.  
Keng, Pei Sin, Siew Ling Lee, and Pei-sin Keng Siew-ling Lee Sie-tiong Ha. 2014.  
“EngagedScholarship @ CSU Civil and Environmental Engineering Faculty Removal of 
Hazardous Heavy Metals From Aqueous Environment by Low-Cost Adsorption Materials 
Publisher ’ s Statement Removal of Hazardous Heavy Metals from Aqueous Environment by 
Low-Cost Adsorption Materials.”  
Kim, Dong Won, M. A. Suhaimi, Byung Mun Kim, Min Ho Cho, and F. Frank Chen. 2013.  
“Rough Cut Machining for Impellers with 3-Axis and 5-Axis NC Machines.” Lecture Notes 
in Mechanical Engineering 7:609–16. doi: 10.1007/978-3-319-00557-7_50.  
Le, Thanh Huong, Imourana Alassane-Kpembi, Isabelle P. Oswald, and Philippe Pinton. 2018.  
12  
“Analysis of the Interactions between Environmental and Food Contaminants, Cadmium and 
Deoxynivalenol, in Different Target Organs.” Science of the Total Environment 622– 
623(December):841–48. doi: 10.1016/j.scitotenv.2017.12.014.  
Lehner, Bernhard, Catherine Reidy Liermann, Carmen Revenga, Charles Vörömsmarty, Balazs 
Fekete, Philippe Crouzet, Petra Döll, Marcel Endejan, Karen Frenken, Jun Magome, Christer 
Nilsson, James C. Robertson, Raimund Rödel, Nikolai Sindorf, and Dominik  
Wisser. 2011. “High-Resolution Mapping of the World’s Reservoirs and Dams for  
Sustainable River-Flow Management.” Frontiers in Ecology and the Environment 9(9):494–
502. doi: 10.1890/100125.  
Lepri, Fábio G., Daniel L. G. Borges, Rennan G. O. Araujo, Bernhard Welz, Frank Wendler,  
Marcus Krieg, and Helmut Becker-Ross. 2010. “Determination of Heavy Metals in Activated 
Charcoals and Carbon Black for Lyocell Fiber Production Using Direct Solid Sampling High-
Resolution Continuum Source Graphite Furnace Atomic Absorption and Inductively Coupled 
Plasma Optical Emission Spectrometry.” Talanta 81(3):980–87. doi:  
10.1016/j.talanta.2010.01.050.  
Loukanov, Alexandre, Nouha El Allaoui, Anass Omor, Fatima Zahra Elmadani, Kenza Bouayad, 
and Nakabayash Seiichiro. 2020. “Jo Ur Na l P.” Journal of the Neurological Sciences 
116544. doi: 10.1016/j.chemosphere.2020.128623.  
Manzoor, Malik Muzafar. 2020. Environmental Biotechnology: For Sustainable Future.  
Nadler, Gerald. 2004. “R Eflections On.” Journal of Management 13(Fall 2008):239–46.  
Nguyen, Hoa Thi, Kathleen B. Aviso, Naoya Kojima, and Akihiro Tokai. 2018. “Structural 
Analysis of the Interrelationship between Economic Activities and Water Pollution in  
Vietnam in the Period of 2000 – 2011.” Clean Technologies and Environmental Policy 
(January). doi: 10.1007/s10098-018-1492-8.  
Nirola, Ramkrishna, Bhabananda Biswas, Mallavarapu Megharaj, Avudainayagam Subramanian,  
Palanisami Thavamani, Rupak Aryal, and Christopher Saint. 2018. “Assessment of 
Chromium Hyper-Accumulative Behaviour Using Biochemical Analytical Techniques of  
Greenhouse Cultivated Sonchus Asper on Tannery Waste Dump Site Soils.” Environmental 
Science and Pollution Research 25(27):26992–99. doi: 10.1007/s11356-018-2740-5.  
Piasecka, Izabela, Patrycja Bałdowska-Witos, Józef Flizikowski, Katarzyna Piotrowska, and  
13  
Andrzej Tomporowski. 2020. “Control the System and Environment of Post-Production 
Wind Turbine Blade Waste Using Life Cycle Models. Part 1. Environmental Transformation 
Models.” Polymers 12(8). doi: 10.3390/POLYM12081828.  
Publiques, Les Fontaines, Henry Darcy, Middle East, Abraham Lincoln, Washington Canal, White 
House, Executive Mansion, The Canal, U. S. Capitol, British Foreign Office, New York, New 
York, Metropolitan Sewerage, The Nyc, Water Supply, The Seine, and Benjamin Franklin. 
2018. Groundwater 5.1.  
Remelli, Maurizio, Valeria M. Nurchi, Joanna I. Lachowicz, Serenella Medici, M. Antonietta  
Zoroddu, and Massimiliano Peana. 2016. “Competition between Cd(II) and Other Divalent 
Transition Metal Ions during Complex Formation with Amino Acids, Peptides, and  
 Chelating  Agents.”  Coordination  Chemistry  Reviews  327–328:55–69.  doi:  
10.1016/j.ccr.2016.07.004.  
Resano, Martín, Maite Aramendía, Flávio V. Nakadi, Esperanza García-Ruiz, César 
AlvarezLlamas, Nerea Bordel, Jorge Pisonero, Eduardo Bolea-Fernández, Tong Liu, and 
Frank Vanhaecke. 2020. “Breaking the Boundaries in Spectrometry. Molecular Analysis with 
Atomic Spectrometric Techniques.” TrAC - Trends in Analytical Chemistry 129. doi:  
10.1016/j.trac.2020.115955.  
Roleda, Michael Y., Hélène Marfaing, Natasa Desnica, Rósa Jónsdóttir, Jorunn Skjermo, Céline  
Rebours, and Udo Nitschke. 2019. “Variations in Polyphenol and Heavy Metal Contents of 
Wild-Harvested and Cultivated Seaweed Bulk Biomass: Health Risk Assessment and  
Implication for Food Applications.” Food Control 95(June 2018):121–34. doi: 
10.1016/j.foodcont.2018.07.031.  
Ruíz-Vera, Tania, Ángeles C. Ochoa-Martínez, Sergio Zarazúa, Leticia Carrizales-Yáñez, and Iván 
N. Pérez-Maldonado. 2019. “Circulating MiRNA-126, -145 and -155 Levels in  
Mexican Women Exposed to Inorganic Arsenic via Drinking Water.” Environmental 
Toxicology and Pharmacology 67(550):79–86. doi: 10.1016/j.etap.2019.02.004.  
Rychik, Jack, Andrew M. Atz, David S. Celermajer, Barbara J. Deal, Michael A. Gatzoulis, Marc 
H. Gewillig, Tain Yen Hsia, Daphne T. Hsu, Adrienne H. Kovacs, Brian W. McCrindle, Jane 
W. Newburger, Nancy A. Pike, Mark Rodefeld, David N. Rosenthal, Kurt R. Schumacher, 
Bradley S. Marino, Karen Stout, Gruschen Veldtman, Adel K. Younoszai, and Yves 
14  
D’Udekem. 2019. Evaluation and Management of the Child and Adult with Fontan 
Circulation: A Scientific Statement from the American Heart Association. Vol. 140.  
Shahid, Muhammad, Saliha Shamshad, Marina Rafiq, Sana Khalid, Irshad Bibi, Nabeel Khan  
Niazi, Camille Dumat, and Muhammad Imtiaz Rashid. 2017. “Chromium Speciation, 
Bioavailability, Uptake, Toxicity and Detoxification in Soil-Plant System: A Review.” 
Chemosphere 178(July):513–33. doi: 10.1016/j.chemosphere.2017.03.074.  
Shore, L. S., and M. Shemesh. 2016. “Estrogen as an Environmental Pollutant.” Bulletin of 
Environmental Contamination and Toxicology 97(4):447–48. doi: 10.1007/s00128-0161873-
9.  
Shreejha, M. V., V. Vishnu Priya, and R. Gayathri. 2020. “Awareness on Lead Poisoning among 
College Students.” Journal of Pharmaceutical Research International 32(21):1–11. doi: 
10.9734/jpri/2020/v32i2130744.  
Tabelin, Carlito Baltazar, Toshifumi Igarashi, Mylah Villacorte-Tabelin, Ilhwan Park, Einstine  
M. Opiso, Mayumi Ito, and Naoki Hiroyoshi. 2018. “Arsenic, Selenium, Boron, Lead, 
Cadmium, Copper, and Zinc in Naturally Contaminated Rocks: A Review of Their Sources, 
Modes of Enrichment, Mechanisms of Release, and Mitigation Strategies.” Science of the 
Total Environment 645(February 2019):1522–53. doi: 10.1016/j.scitotenv.2018.07.103.  
Tiesjema, B., and M. Mengelers. 2016. “Biomonitoring of Lead and Cadmium.” 52.  
Xu, Hongmei, Jean François Léon, Cathy Liousse, Benjamin Guinot, Véronique Yoboué, Aristide 
Barthélémy Akpo, Jacques Adon, Kin Fai Ho, Steven Sai Hang Ho, Lijuan Li, Eric  
Gardrat, Zhenxing Shen, and Junji Cao. 2019. “Personal Exposure to PM2.5 Emitted from 
Typical Anthropogenic Sources in Southern West Africa: Chemical Characteristics and 
Associated Health Risks.” Atmospheric Chemistry and Physics 19(10):6637–57. doi:  
10.5194/acp-19-6637-2019.  
Zhao, Xue, Xuedi Zhang, Shanshan Tie, Shuai Hou, Haitao Wang, Yukun Song, Rewa Rai, and  
Mingqian Tan. 2020. “Facile Synthesis of Nano-Nanocarriers from Chitosan and Pectin with 
Improved Stability and Biocompatibility for Anthocyanins Delivery: An in Vitro and in Vivo 
Study.” Food Hydrocolloids 109(June):106114. doi:  
10.1016/j.foodhyd.2020.106114.   
15  
CHAPTER 2 LITERATURE REVIEW  
 
2.1 PREAMBLE  
This chapter reviews the theory and methodology of using sample preparation techniques for the 
extraction of heavy metals in the environment. It also gives background on the utilization of 
nanotechnology and the benefits that are associated with the use of nanomaterials. Furthermore, a 
brief review of the detection techniques that are used for the analysis of metal ions are also 
discussed in this chapter.  
2.2 SAMPLE PREPARATION METHODS  
Sample preparation is an essential step before any spectrometric determination (Welna et al., 
2015). The most frequently used techniques for preconcentration and separation of trace metals 
include liquid-liquid extraction (Yousefi, 2010), ion-exchange (Jones, et al., 1997), coprecipitation 
(Bulut et al., 2009), solid-phase extraction (Tufekci et al., 2015), cloud point extraction (Hagarová, 
2016) and dispersive solid phase extraction (Nyaba et al., 2020). Among these methods, solid-
phase extraction (SPE) is a cost-effective sample preparation technique due to the flexibility of 
using different solid phase materials. In addition, chelating resins and other magnetic organic 
nanomaterials have been efficiently used as a solid phase extractant for separation of metal ions 
(Hemmati et al., 2018).   
2.2.1 Solid phase extraction (SPE)  
Solid-phase extraction is a sample preparation technique routinely used in analytical laboratories 
for the extraction of analytes from a complex matrices (Boyaci et al., 2015). This sample 
preparation technique consists of bringing a test solution in contact with a solid phase or sorbent, 
whereby the analyte is selectively adsorbed onto the surface of the solid phase (Boyaci et al., 2015). 
It favorably enables the extraction, cleanup and concentration of analytes prior to their 
quantification (Boyaci et al., 2015) and has emerged as a powerful tool for the 
enrichment/separation of metal ions because of the various advantages it has over other methods, 
such as higher preconcentration factor, less waste generation, reduced interference of the matrix, 
consumption of low volume of solvents (Özdemir et al., 2019), environmental friendly, and easier 
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incorporation into automated analytical techniques easy regeneration and reusability of the solid 
phase. Solid phase extraction prevents most problems encountered with liquid-liquid extraction 
and improves quantitative recovery yields (Lu et al., 2020). In addition, low amount of solvents is 
handled and this technique is fully adapted for the pre-treatment of complex matrices such as urine, 
blood, food samples, and water, among others.  
Although this method brings about a lot of advantages it however has the basic disadvantage of 
having metal sorbents that have a lack of metal selectivity, which leads to other species interfering 
with the target species (Shakerian et al., 2016). In addition, the disadvantage of conventional SPE 
is the blockage of cartridges by nanoadsorbent. For this reason, several modifications of SPE have 
been done and these modifications are based on miniaturization and automation (Maciel et al., 
2020). These include dynamic solid-phase extraction (SPDE) (Hemmati et al., 2018), magnetic 
solid phase extraction (MSPE) (Hemmati et al., 2018), matrix solid-phase dispersion (MSPD) 
(Zhan et al., 2016), stir-bar sorptive extraction (SBSE) (Patinha et al., 2019) and dispersive solid-
phase microextraction (DSPME) (Mejía-Carmona et al., 2019).  
  
Jiang et al., 2020 prepared a novel solid phase material named SA-PAM/GO hydrogel composite. 
The material was characterized using several techniques such as BET, SEM-EDS, FTIR and TGA 
to verify chemical properties. The adsorption capacity of Cu(II) and Pb(II) were found to be 68.76 
mg g-1 and 240.69 mg g-1, respectively. According to the isotherm, Langmuir model was favoured 
from the R2 value. The adsorbent was recyclable four times which showed good adsorption and a 
good potential in its regeneration. Therefore, SA-PAM/GO hydrogel showed potential in removing 
Cu(II) and Pb(II). Rahim et al., 2020 produced a char adsorbent from coconut as a solid phase 
material. The material was carbonized in an open-air muffle furnace. The carbonization resulted 
in an enhanced properties such as high surface area, high adsorption capacity and more pores 
developed on the surface of the material. A monolayer adsorption process was favoured. The 
material was regenerated five times with the removal percentage of 85. The adsorbent was applied 
in real wastewater samples and its performance was highly effective in removing Pb(II).   
  
 
Table 2.1: Comparison of solid phase derived removal methods.  
Analytes   Adsorbent  Matrix  Adsorption 







and  Sodium  alginate  grafted 
polyacrylamide/graphine  oxide 
(PAM/GO) hydrogel  
Polluted Water  68.76 and 240.69   80 and 60  Jiang  et 
 al, 2020  
Pb(II) 
(Cu(II)  
and  ZIF-8 and ZIF 67   Wastewater  1119.8, 
 1348.42 and 
 454.72,  
617.51  
 99.4 and 97.4  Huang et al, 
2017  
Pb(II)   Coconut waste  Industrial 
wastewater  
2.65  and  3.51 
mmol/g  









Graphene  oxide/molybdenum 
disulfide  
Spring, lake and 
river waters  
242,  112,  145,  
417, 550 and 498  
235.1,  130.8,  
279.3,  414.8,  
483.7 and 381.9   
Pytlakowska 
et al, 2020  
As(III)   Bismuth-Impregnated  Aluminum  
Oxide (Bial)  
Wastewater  15.65  91.6  Zhu et al, 2018  
Ni (II), Cu (II), Zn 
(II), and Co  
(II)  
Calcium Silicate Powder (CSP)  Contaminated 
Water  
420.17,  680.93,  
251.89,  and  
235.29   
96.98,100,  
60.75,  and  
30.47  
Ma et al, 2018  
U(VI)  magnetic metal organic frameworks  









Nowadays, SPE disks are widely and successfully used, because they reduce solvent usage and 
exposure, disposal costs, and extraction time for sample preparation to obtain large 
preconcentration factors (Hemmati et al., 2018). Thus, the SPE disks and cartridges in conjunction 
with determination methods have been successfully used for separation and selective 
determination of metal ions. Immobilized (adsorbed or chemically bonded) chelates on the SPE 
systems have found widespread application for the separation of trace metals from a variety of 
matrices. The current work will focus on magnetic solid phase extraction.   
2.2.2 Magnetic-solid phase extraction (MSPE)  
Magnetic solid phase extraction is based on the use of magnetic solids as adsorbents for 
preconcentration of different analytes from complex matrices (Jiang et al., 2018). This 
methodology has been used as pretreatment technique for the analysis of several compounds 
because of its advantages when it is compared with classic methods. Magnetic solid phase 
extraction minimizes the use of additional steps such as precipitation, centrifugation, and filtration 
which decreases the manipulation of the sample (Khan et al., 2020).  
The separation of magnetic solid phases is based on the use of magnetic solids as adsorbents 
for the preconcentration of various analytes from complex matrices (Jiang et al., 2018). This 
approach has been used for the study of many compounds as a pretreatment strategy because of its 
advantages as compared with classical methods. The extraction of magnetic solid phases 
minimizes the use of additional steps, such as precipitation, centrifugation and filtration, which 
eliminate sample manipulation (Khan et al., 2020). Magnetic solid phase extraction (MSPE) is a 
technique which in the analysis of residues in food samples has received considerable attention 
(Turan et al., 2020). MSPE is based on the extraction of various materials using solids with 
magnetic properties from the sample. This approach can be visualized as a widely employed 
magnetic separation to separate magnetic phases from nonmagnetic phases (Öztürk et al., 2020). 
The simplicity of this strategy affects the production and execution of separation strategies that 
require the use of magnitude (Öztürk et al., 2020).  
 
  
Figure 2.1. Process of magnetic solid-phase extraction (MSPE) (Yavuz et al., 2018)  
  
In MSPE (Fig. 2.1), the separation and preconcentration of the target analytes occurs by 
dispersing the magnetic nanoadsorbent into the sample solution until such a time where the 
target analyte adsorbs on the adsorbent (Amirifard et al., 2018). After a specific extraction time, 
an external magnetic field is then applied to remove the nanoadsoebent from the solution 
(Shishehbore et al., 2011).   
  
2.3. REMOVAL OF METALS IN ENVIRONMENTAL MATRICES  
2.3.1 Adsorption technique  
The adsorption process is a fundamental and crucial step in the physicochemical treatment of water 
in industrial and municipal wastewater (Crini et al., 2018). The adsorption process is very simple 
and relatively cheap, but it satisfies the requirements of an effluent with a high standard (Crini et 
al., 2018). This process has been proved to be useful for removing of a wide variety of  
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hazardous pollutants, even in very low concentrations. Ruiz et al., 2019, explained the combination 
of dispersive micro solid phase extraction with the laser-induced breakdown spectroscopy for the 
preconcentration of Zn, Cd, Mn, Ni, Cr and Pb in water samples (Table 2.2). The solid phase 
materials that were used as adsorbents were graphene oxide and activated carbon. Parameters such 
as mass of adsorbent, pH and extraction time were optimized by using the univariate approach. 
Furthermore, the optimized parameters were used to obtain limits of detection that were below 100 
and 50 µg. kg-1 which led to the determination of the analytes in real samples. The percentage 
recovery of all analytes were ranging in between 98-110%. Ahmad et al., 2019 and co-workers 
were responsible for determining metal ions in wastewater. The adsorption process was assisted 
by graphene oxide which was modified by polyethylenimine and immobilized in polystyrene. The 
adsorbent was employed for the column preconcentration of Pb (II) and Cd (II) from wastewater 
samples. The detection limit of Pb(II) and Cd(II) were 1.5 ng.L1 and 1.8 ng.L-1, respectively. The 
amount of Pb(II) and Cd(II) in river industrial wastewater and tap water samples were found to be 
3.8, 28.6, 1.2 ng.mL−1 and 5.6, 2.2, and 3.2 ng.mL−1,respectively. The recoveries of the analytes 
ranged from 98.0 to 104%.  
According toTable 2.2, Ghasemi et al., 2019 carried out a study to remove Hg(II), Zn(II), Cu(II) 
and Ag(I) from aqueous solutions by using a magnetic Fe3O4 that was functionalized by guanidine 
acetic acid (Fe3O4@GAA). The pre-concentration factor and adsorption efficiencies of the 
developed method were in the range 112-125 and 95-100%, respectively. Under optimum 
conditions, the results revealed that the Fe3O4@GAA adsorbent could be applied as an effective 
material for preconcentration and removal of toxic heavy metal ions. Cezario et al., 2020 developed 
a method for the determination of boron in food samples. This was made possible by using a lab 
made ternary Fe-Cr-Al coil vaporizer after the sample dissolution in tetramethylammonium 
hydroxide. The method was successfully optimized and after proper optimization, the ternary 
system presented to solve the memory effect for boron determination in ICP-OES. This method 
presented good accuracy, sensitivity, good analytical curve with R2 value of 0.992. The detection 




Table 2.2: Comparison of analytical performance  
Analytes   Matrix    Analytical 
Technique   
Adsorbent   Linearity R2  LOD (µg L−1)  %RSD  References  
B  Food samples  ICP-OES  Fe-Cr-Al coil  0.992  2.6 µg g−1    Cezário et 
al., 2020  
Hg  Real water  UV-Vis  Supramolecular solvent  0.9997  0.30   1.80  Gouda  et  
al., 2020  
Ca, Cu, Fe, 
Mg, Mn, and 








Solvent extraction    1.3, 0.55, 1.7,  
0.35,  0.90,  
0.75  
2-4  Pohl et al., 
2020  
Zn, Cd, Mn, 
Ni, Cr and Pb  




Graphene oxide  0.9828- 
0.9936  
2.3-4.9  3.5-5.8  Ruiz et al., 
2019  
Hg (II), Cu 
(II),  




ICP-OES  magnetic Fe3O4 functionalized 




99  0.002-0.01  2.9-5.0  Ghasemi et 
al., 2019  
Cd and Pb  Industrial 
wastewater  







and  1.5 and 1.8  ±4  Ahmad  et  
al., 2019  
Zn and Mn  Vegetables  FAAS  poly(styrene)-co-2vinylpyridine     0.04 and 0.2   2.1–3.4  Tuzen  et  
al., 2020  
Pb, Cd, Zn, Cr, 
Mn and Fe  
Food   ICP-OES  GO nanosheets  0.9996  
1.000  
to  0.25,  0.06,  
0.16,  0.06,  
0.12 and 0.21  
1.6-3.0  Feist  and  
Sitco, 2019  
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2.4. ADSORBENTS USED FOR EXTRACTION OF HEAVY METALS  
The success of the SPE and adsorptive removal process depends on the type of the adsorbents 
used for the treatment. Currently, the primary industrial adsorbent for water purification and 
wastewater treatment is activated carbon. Activated carbon has been proven as a very effective 
adsorbent, it consistently produces high removal efficiency and has high stability in the 
regeneration process (Crini et al., 2018). However, the main problem associated with the use 
of activated carbon as the adsorbent for wastewater treatment is the price. Commercial 
activated carbons are expensive, therefore, the use of these adsorbents for wastewater treatment 
purposes are considered costly (Crini et al., 2018). Another example is the use of nanomaterials 
as efficient adsorbents for the removal of heavy metals from wastewater because of their high 
surface area, enhanced active sites and the functional groups that are present on their surface.  
Graphene is a carbon-based nanomaterial with a two-dimen-sional structure, high specific 
surface area and good chemical stability. It is available in various forms such aspristine 
graphene, graphene oxide and reduced graphene oxide. Graphene may be oxidised to add 
hydrophilic groups for heavy metal removal adsorbed chromium onto the sur-face of graphene 
oxide and the maximum adsorption capacity found was around 92.65 mg/g at an optimum pH 
of 5. Graphene composite materials have been developed by a number of authors for the 
removal of heavy metals. Among many, transition metal oxide possessing unique properties 
such as catalytic activity and excellent wastewater treatment ability, magnetic manganese oxide 
has been the subject of immense interest. Researchers have successfully prepared manganese 
oxide hollow microstructures with different morphologies which can efficiently remove 
organic contamination and together with iron oxide nanomaterials have been utilized to remove 
toxic ions (i.e. heavy metals) from water more efficiently  
2.4.1 Magnetic adsorbent (Fe3O4)  
To ease retrieving procedure, magnetic adsorbent has been a solution. Magnetic nanoparticles 
have been widely utilized in environmental applications, because they have unique magnetic 
properties and allow the rapid separation of target molecules from the samples simply by 
applying an external magnetic field (Gloag, 2019). A few years ago, Kemp et al., 2013 have 
prepared magnetic-graphene hybride composite and applied it to arsenic removal from water.  
Luo et al. have reported applying Fe3O4@SiO2/graphene for the extraction and determination 
of sulphonamide antibiotics in water sample. In such a way magnetic particles were loaded 
onto graphene, the resultant magnetic particles-graphene composite can respond to a magnet, 
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which could realize the retrieval and separation of graphene from dispersion rapidly and 
effectively. Liu et al., 2016, on the other hand, studied and proved that a novel amino-
functionalized magnetic cellulose composite was prepared by a process involving the synthesis 
of magnetic silica nanoparticles using the co-precipitation method followed by the hydrolysis 
of sodium silicate, coating with cellulose through the regeneration of cellulose dissolved in 7 
wt% NaOH or 12 wt% urea aqueous solvent. Once generated, the resulting composite was 
tested for its ability to remove Cr(VI) from an aqueous solution in batch experiments. The 
results demonstrated that Cr(VI) adsorption was highly pH dependent. Whereas, Saleh, 2016 
also researched and proved  that polyethyleneimine modified activated carbon/Fe (PAF) was 
prepared and used as an effective magnetic adsorbent to remove uranium (U(VI)) ions from 
aqueous solution as a function of batch adsorption parameters. Gabris et al., 2018 researched 
and proved that through  synthesis of the novel silica-cyanopropyl functionalized magnetic 
graphene oxide (MGO/SiO2CN) hybrid nanomaterial derived by sol–gel method as a cheap 
efficient magnetic sorbent for the removal of extremely hazardous lead ions from aqueous 
media.   
2.4.2 Manganese Dioxide (MnO2)  
Manganese is a transitional element existing in three various valence states and its oxides 
considered highly complex. Manganese oxide II is a complex, an inorganic, blackish or brown 
color compound exists in nature as ore of manganese called pyrolusite (Shaker and AbdAlsalm, 
2018). Manganese oxides, including MnO, MnO2, and Mn3O4, are interesting composites used 
in wide range of applications in treatment of wastewater, catalyst, biosensors, supercapacitors, 
and batteries due to their distinctive physical and chemical properties (Shaker and AbdAlsalm, 
2018). So far, multiple efforts dedicated to prepare MnO2 using various strategies including 
thermal decomposition, co-precipitation, sol-gel, simple reduction, solid-phase process, 
hydrothermal method and microwave process etc (Shaker and AbdAlsalm, 2018). Most of 
researches attracted to use hydrothermal and sol gel processes because the shape of materials 
that can be easily controlled, while others preferred precipitation method since it offers 
simplicity, low cost, quick preparative method, finally easily controlled of both particle size 
and composition (Warner et al., 2012). Singh et al. synthesized firstly manganese oxyhydroxide 
γ-MnOOH nanowires via hydrothermal route and transferred into β-MnO2 by calcination at 
300℃. Zadeh et al. prepared successfully MnO2 by hydrothermal and sol–gel routs. Results 
indicated that each of α-MnO2, βMnO2, and δ-MnO2 nanorods synthesized by hydrothermal 
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route while γ-MnO2 by sol–gel route. Kumar et al. and Balamurugan synthesized nano 
crystalline with tetragonal structure manganese oxide nanoparticles by co-precipitation using 
two different anions salts (i.e. sulphate monohydrate and Oxalate). Wu et al. studies concluded 
that different forms of MnO2 nanostructures can be synthesized via hydrothermal such as alpha-
MnO2 with different shapes like nanorods, nanotubes, nanocubes, nanowires and beta-MnO2 
cylinder/spindle-like nanosticks by changing the weight ratio of Mn precursor solution respect 
to HCl, Mn(Ac)2·4H2O or C6H12O6·H2O, types of surfactants, temperature and time of reaction. 
Finally, Adelkhani succeeded in synthesis novel electro active nano structure manganese 
dioxide via pulse laser deposition.   
2.4.3 Alumina (Al2O3) nanoparticles  
The well-known adsorbents for alumina are recognized as silica, carbon and particles (Gu et 
al., 2020). Researchers also discovered the ability of nanoparticles to adsorb many organic and 
inorganic pollutants on environmental substrates in recent years, but this still needs to be 
applied to all of these molecules (Gu et al., 2020). Given the lack of data, research has been 
conducted to explore the ability of alumina nanoparticles in the pre-concentration of organic 
and inorganic pollutants as a strong stage adsorbent. Alumina, however, has arisen as one of 
the excellent adsorbents for the mitigation of different wastewater and aqueous atmosphere 
toxins, provided the possible adsorbent (Li et al., 2020). In the present research, the alumina 
properties of raw alumina is chemically changed with a solid acid and base and used for the 
remediation of acrylic acid from the aqueous setting (Li et al., 2020).   
The adsorption capacity and reusability of the alumina as an adsorbent render them as one 
of the excellent candidates for the treatment of wastewater and industrial effluents containing 
such toxic contaminants (Li et al., 2020). Recently, because of its large specific region, unique 
pore size effect, acid-base properties and thermal and mechanical stability, mesoporous 
alumina has attracted considerable interest in environmental pollution treatment (Almeida et 
al., 2020). Alumina on the other hand, is considered as one of the most commonly used 
substrates for preconcentration and separation of trace amounts of elements in flow injection-
atomic spectrometry (Mahmoud et al., 2010). Activated alumina can be used as both cation and 
anion exchangers, depending on solution pH. Under basic conditions, alumina displays a high 
affinity for a wide range of cationic species, while, under acidic conditions it exhibits a high 
affinity for anionic species (Mahmoud et al., 2010). Several reports were focused and published 
on the utilization of various alumina types for removal of lead and other toxic heavy metals 
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from various matrices including a flow injection system incorporating a micro-column of 
activated alumina that was used in conjunction with flame atomic absorption spectrometry for 
the preconcentration and determination of lead in drinking waters (Soliman et al., 2006).  
2.4.4 Ferrous-ferric oxide/alumina nanocomposite  
Various materials have been tested as possible adsorbents for the removal of arsenic and a 
number of other heavy metals from water, like alumina, iron based oxides, rare metal oxides, 
activated carbon, and bone char to name a few. In recent decades, there has been an increased 
interest in the application of nanomaterials in environmental applications such as in 
contaminant removal or toxicity mitigation. Iron oxide based materials are chosen because of 
their higher affinity for metals and ability to provide an efficient scavenging pathway for heavy 
metals (Xiong et al., 2020). Alumina known for its  widely use in catalysis because of its high 
degree of porosity, i.e., a large surface area, and can serve both as a catalytic support coated 
with dispersed nanoparticles of transition metals and as a catalyst (Ro et al., 2018). However, 
it is also known for its efficient fluoride removal potential. Co-joining its ability to bind with 
metals and adsorption activity will be efficient in heavy metal removal potential.  
2.4.5 Iron oxide/Manganese Oxide  
Due to the large specific surface area and strong surface activity of iron-manganese binary 
oxides, the application of iron-manganese binary oxides to the treatment of water 
environmental pollution has become a hot spot (Wei et al., 2020). Since iron and manganese 
are widely present in the natural environment, the environmental safety problems caused by 
the leaching of ironmanganese binary oxides also could be ignored in a certain extent. 
Furthermore, iron-manganese binary oxides have been identified as promising candidates for 
the removal and degradation of organic and inorganic contaminants (Lu et al., 2020). It is a 
typical Fenton-like catalysts with good catalytic H2O2 stability. But their applications have 
problems such as relatively poor stability, insufficient durability, and difficult recovery. In 
order to remedy these shortcomings and improve the efficiency of metal oxides, more and more 
scholars have begun to use different methods to compositely modify metal oxides (Chen et al., 
2020). The modification technology of nanometer iron manganese metal oxide aims to enhance 
its colloidal stability, improve the mobility of iron manganese metal oxide in water and soil, 
and enhance its removal efficiency of pollutants in the environment (Zhang et al., 2020).  
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As a ubiquitous transition metal, manganese element has similar chemical properties of 
iron, and multiple valence states of Mn-Fe usually co-existed in soil, sediment and mineral 
(Zhang et al., 2020). Moreover, minerals based on iron and manganese oxides play a key role 
in inorganic arsenic redox transformation, sequestration and immobilization in the geochemical 
cycling process (Dubey et al., 2020). Thus, understanding the transformation of 
iron/manganese valence state in Fe-Mn bimetal oxides in heterogeneous Fenton-like catalytic 
reaction process can not only clarify the mechanism of As(III) oxidation and predict its 
environmental toxicity and behavior, but also facilitate the design the novel and effective Fe-
Mn heterogeneous catalysts for As(III) removal from water (Yang et al., 2020). However, the 
synergistic effect between iron and manganese oxides, especially the role of manganese 
element before and after doping/incorporating, for the surface-bound triple bond Fe(II) content 
change in heterogeneous catalyst and the Fe(II)/Fe(III) cycle in solid-liquid two phase remains 
unknown and has yet to be further investigated (Yang et al., 2020).  
  
2.5 Detection techniques   
Quantification of trace metal ions using analytical instruments is critical in order to assess the 
degree of pollution (Khan et al., 2020). This is important for the protection of our environment 
and to be reduce and monitor heavy metal contamination. Various methods that are currently 
used for the analysis of metals in complex matrices include flame atomic absorption 
spectrometry (FAAS), inductively coupled plasma optical emission spectrometry (ICP-OES) 
and inductively coupled plasma mass spectrometry (ICP-MS). In analytical instruments, atomic 
absorption spectrometry (AAS) is recognized as the relatively simple detection technique that 
is relatively of lower cost and is routinely used for the determination of metals especially heavy 
metals using flame. However, the sensitivity of FAAS is poor with higher detection limits 
(LOD) of mg L-1 and needs higher amount of samples when judged against electrothermal AAS 
(Li et al., 2020). The reason for the low sensitivity in FAAS is because of the low efficiency of 
the nebulization system that restricts the mass of analyte that gets to the optical path (Li et al., 
2020). Additionally, the dilution of analyte atoms in flame gases (short time of analyte in the 
measurement zone) decreases sensitivity; by limiting contact of analyte atoms with 
monochromatic source light (Ari et al., 2020). The improvement of FAAS sensitivity could be 
enhanced when the atomization step occurs in a heated tube with the utilization of air–acetylene 
flame (Ari et al., 2020). Then again, setbacks such as chemical interference from the sample 
matrix and high detection limit are experienced. Thus, determination of trace metals is 
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impractical using this technique, but the solution to this problem can be accomplished by 
applying a pre-concentration procedure to liberate metals from complex matrices and elevate 
the metal ion concentration (Li et al., 2020).  
On the other hand, inductively coupled plasma (ICP) is based on atomic spectrometry and 
it is an adaptable instrument to detect analytes at very low detection limits (Morisson et al., 
2020). Additionally, ICP-OES has advantages with regard to detection limits and speed of 
analysis over the other techniques (Rehan et al., 2020). The use of high temperatures (10,000 
K), results in the efficiency of atomization and excitation process which leads to getting better 
detection limits as compared to other techniques (Müller et al., 2020). The limit of quantitation 
(LOQ) values of elements using ICP-OES are usually in the parts per million (mg L-1) and even 
parts per billion (µg L-1) (Müller et al., 2020). The development of ICP-MS has grown into a 
well established technique since the 1980s for trace multi-element concentration determination 
(Baghaliannejad et al., 2021). Inductively coupled plasma mass spectrometry is the most 
sensitive and powerful analytical method employed for the analysis of trace elements 
(Baghaliannejad et al., 2021).  The numerous advantages of ICP-MS includes robustness, low 
detection limit, relatively simple spectra, high sensitivity, wide linearity range and multiple 
determination of trace multi-elements in one run (Rohanifar et al., 2020). However, just like 
any delicate investigative techniques, ICPMS also has a few confinements, for example, 
interferences polyatomic spectra and inorganic mineral acids (Rohanifar et al., 2020).  
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REMOVAL OF CADMIUM AND LEAD IN WASTEWATER MAGNETIC 
NANOCOMPOSITE: RESPONSE SURFACE METHODOLOGY, KINETICS 
AND ADSORPTION ISOTHERMS   
 
3.1 INTRODUCTION  
Water pollution is the degradation of water from foreign matter, which impairs water quality. 
(Adlnasab et. al., 2019). Water pollution involves liquid emissions, such as ocean waste and 
river emissions. Water contamination happens in the oceans, wetlands, streams, waterways, 
underground water and bays in small places containing liquid, as the term refers (Adlnasab et. 
al., 2019). It allows the release of toxic chemicals, pathogenic germs, chemicals that require a 
great deal of oxygen to decompose, easy-soluble substances, radioactivity, etc. that are 
deposited on the floor and their aggregation can conflict with the state of aquatic environments 
(Roy, 2020). Inorganic compounds such as heavy metals comprise by far the highest proportion 
of drinking water chemical pollutants (Dimpe et. al., 2017). As a consequence of natural causes, 
they are found in greatest quantities, but many major pollutants are found as a result of the 
actions of man. (Dimpe et. al., 2017). Any of the most relevant heavy metals also come from 
the content of pipes by which water is transferred. As a result of the weathering of solids and 
minerals, from volcanic eruptions, and from a number of human activities including the 
extraction, refining or use of metals and/or substances containing metal contaminants, metal 
ions are released into aquatic environments (Dimpe et. al., 2017). Arsenic (As), chromium (Cr), 
copper (Cu), nickel (Ni) and mercury (Hg) are the most common heavy metal pollutants 
(Mohammed et al., 2011). Some of the contaminants are very dangerous, toxic and poisonous 
even in the µg L-1 (parts per billion) class, such as lead (Pb), cadmium (Cd). Cadmium is a 
toxic heavy metal used in Ni-Cd batteries, the colouration of plastic and various discarded 
electronic products released into the water system causes serious health issues (Mohammed, et 
al., 2011). A large spectrum of acute and chronic effects in humans are created by chronic 
exposure to Cd. In the human body, especially in the kidneys, Cd accumulates, resulting in 
kidney injury (renal tubular injury), a vital health consequence (Mohammed, et al., 2011). Lead 
salts are referred as water hazard classification 2 and are toxic as a result.   
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However, owing to their low concentrations and matrix effects, even with advanced analytical 
methods, the detection of toxic trace elements in actual samples is difficult. A number of 
methods can evaluate metals satisfactorily, with the preference always depending on the 
precision and sensitivity necessary. This method can be described as colorimetric methods as 
well as instrumental methods, i.e., atomic absorption spectrometry, including flame, 
electrothermal (furnace), hybride, and cold vapor techniques, flame photometry, inductively 
coupled plasma emission spectrometry; inductively coupled plasma mass spectrometry, and 
anodic stripping voltammetry (Kobylinska.,et al 2020). Flame atomic absorption methods 
generally are applicable at moderate (0.1-10 mg.L-1) concentrations in clean and complex-
matrix samples whereas Inductively coupled plasma emission techniques are applicable over a 
broad linear range and are especially sensitive for refractory elements. For certain elements (as 
low as 0.01 μg L-1) in a number of environmental matrices, inductively coupled plasma mass 
spectrometry has substantially improved sensitivity.   
However, an initial step is necessary for the extraction of toxic metals in our water supplies 
by any of the above analytical approaches used for qualitative and quantitative analysis. 
Various heavy metal removal techniques such as cyanide treatment, electrochemical 
precipitation, reverse osmosis, adsorption, and ion exchange (Lakherwal, 2014) have been 
created. Among these methods, adsorption is the most widely used method because of its high 
efficiency and low cost (Jerin et al., 2019). The adsorbent materials must have high specific 
surface area, many adsorption sites, and chemical stability. Some carbon materials such as 
activated carbon, activated carbon fibres, and carbon nanotube based material composites, as 
well as magnetic alumina, granular-activated alumina (Srivastava et al., 2020), ferric (oxy) 
hydroxide (Hou et al., 2020), laterite, more recently, granular-activated carbon impregnated 
with ferrous chloride (Wang et al., 2016) and some industrial by-products such as red mud and 
red gypsum (Pietrelli et al., 2019) have been applied to remove organic and inorganic pollutants 
from aqueous solutions with high sorption capacity.   
A variety of special physical and chemical properties are exhibited by 
nanomaterials/particle. A very significant one is that on the surface of the nanomaterials are 
most of the atoms that have high chemical activity and adsorption ability. In the handling of 
wastewater, numerous nanoadsorbents were studied elsewhere; their advantages and 
disadvantages were tested in those applications. A variety of special physical and chemical 
properties are exhibited by nanomaterials/particle. A very significant one is that on the surface 
of the nanomaterials are most of the atoms that have high chemical activity and adsorption 
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ability. Many nanoadsorbents have been studied elsewhere in the treatment of waste water; 
their advantages and weaknesses have been evaluated in such applications. These are metal 
affinity and the ability to provide a successful heavy metal scavenging pathway (Liu et al., 
2019). Due to its high degree of porosity, i.e. a large surface area, alumina is widely used in 
catalysis and can act both as a catalytic support coated with scattered transition metal 
nanoparticles and as a catalyst (Karam et al., 2020).   
Therefore, this study aimed at the preparation of Al2O3 coated with magnetite (Fe3O4), and 
a mixture of metal oxide nanoparticles (Al2O3@Fe3O4) and adsorbent from environmental 
matrices for the removal of Cd and Pb. The preparation of Al2O3@Fe3O4 nanocomposite 
carried using the sol-gel method. To attain optimal operational parameters, the optimization of 
the dispersive solid phase extraction (DSPE) protocol was achieved by response surface 
methodology. Furthermore, the DSPE procedure was applied in real samples and the 
nanocomposite material was tested in terms of its potential reusability.  
3.2 EXPERIMENTAL  
3.2.1 Material and reagents  
Unless otherwise specified, all reagents used were of analytical quality, and ultra-pure (Type 
1) deionized water was used to prepare all solutions. As precursors for the preparation of 
Ferrous-ferric oxide nanoparticles, iron (III) chloride hexahydrate (FeCl3.6H2O) and iron (II) 
chloride tetrahydrate (FeCl2·4H2O) salts purchased from Sigma-Aldrich (St. Louis, MO, USA) 
were used. The ammonia solution (25% v/v) used in the experiment was obtained from Related 
Chemical Enterprises, (Pty) Ltd (Johannesburg, South Africa), Sigma-Aldrich (St. Louis, MO, 
USA) purchased utter ethanol/methanol and aluminum chloride (AlCl3) and then used for the 
preparation of alumina oxide. Standards for lead and cadmium were used to prepare all Pb (II) 
and Cd (II) model solutions. For the preparation of calibration standard solutions used to 
calibrate the ICP-OES procedure, a multi-element standard 5 mg L−1 was used. In intrusion 
tests, the ICP quality management multi element standard (PROLAB, VWR international LTD, 
Leicestershire, England) was used.  
  
3.2.2 Instrumentation  
Using the ICP-OES spectrometer fitted with a charge injection system detector, lead and 
cadmium was determined (iCAP 6500 Duo, Thermo Scientific, UK). Both pH measurements 
were carried out using a pH meter supplied with a hybrid electrode, H1 9811-5, (HANNA 
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Devices, Smithfield, Rhode Island, USA). The preconcentration experiments were performed 
using the Branson 5800 Ultrasonic Cleaner (Danbury, CT, USA). Using a PerkinElmer 
spectrum 100 Fourier transform infrared spectrometer, an infrared spectrum (4000-400 cm-1) 
was recorded using a KBr disc system (Waltham, MA, USA). On a PANalytical X'Pert X-ray 
Diffractometer (PANalytical BV, Netherlands), the XRD measurements were conducted using 
a Cu Kα radiation (λ=0.15406 nm) in the 2θ range 4–90° at room temperature. Transmission 
electron microscopy (TEM, JEM-2100, JEOL, Tokyo, Japan) and scanning electron 
microscopy (SEM, TESCAN VEGA 3 XMU, LMH instrument (Czech Republic) coupled with 
energy dispersive x-ray spectroscopy (EDS) were used to analyze the morphology, nano 
structure and particle size of the sample for atomic composition study at an accelerating voltage 
of 20 kV.   
3.2.3 Synthesis of magnetic ferrous ferric oxide (Fe3O4) nanoparticles  
With slight modifications, the magnetic ferrous ferric oxide nanoparticles were prepared by the 
traditional sol-gel process previously reported. In this process, a mixture containing 10.30 g 
FeCl3·6H2O and 5.20 g FeCl2·4H2O was dissolved under a nitrogen atmosphere in 200 mL 
deionized water with intense stirring at 80-85 °C. Then, 50 mL of ammonia solution (25 percent 
v/v) was rapidly applied to the solution and the color of the solution suddenly changed from 
orange to black. Until cooling down at room temperature, the mixture was mixed for another 
15 minutes under the same conditions. Until removing the black magnetic precipitate (Fe3O4) 
from the supernatant by magnetic decantation, the mixture was allowed to settle for a few 
minutes and then washed with deionized water to a final pH of 10. The Fe3O4 nanoparticles 
obtained were dried for 10 h in an oven at 60 °C and then grinded to fine particles using a -212 
micro-metre pulvirisette/mortar and piston to fine powder.   
  
3.2.4 Synthesis of ferrous-ferric oxide/alumina oxide nanocomposite  
The sol gel system was used to prepare ferrous-ferric oxide/nanocomposite alumina oxide. In 
100 mL of ethanol, 2.66 g of anhydrous aluminum chloride (AlCl3) and 1.00 g of synthesized 
magnetic Fe3O4 nanoparticles were applied together and allowed to dissolve for around 15 to 
20 minutes with intense stirring, accompanied by the dropwise addition of 60 mL of ammonium 
hydroxide solution (28-32% v/v). In order to form a gel, the addition of the latter was carried 
out to ensure the initiation of Al2O3 shell formation around the Fe3O4 core. The shaped gel was 
left to mature at room temperature for 24 h before being dried in an oven for 12 h at 60 °C. 
44  
Then, using a pulvirisette/mortar and piston, the dark brown powder obtained was grinded into 
a fine powder. The powder was calcinated in the muffle furnace at a ramping temperature 
interval of 0, 400 °C and 750 °C for 2 h to ensure the complete development of Al2O3 shells 
around the Fe3O4 core.  
3.2.5 Ultrasound-assisted dispersive solid phase extraction (DSPE)  
According to the protocol stated by Nyaba et al., 2016, the DSPE was carried out. The exact 
mass (50-250 mg) of the Fe3O4@MnO2 adsorbent was inserted in a 100 mL sample container, 
accompanied by each model solution containing 100 μg L-1 per analyte, to explain the process 
briefly. The pre-concentration of the target analytes using the DSPE system was carried out for 
5 to 20 minutes using a shaker. After shaking, the sample solutions were left to settle and the 
supernatant was discarded and dilute nitric acid solutions were used to elute the retained 
analytes (0.5-3.0 mol L-1 HNO3). Ultrasonic elution was also aided for 10 minutes and 
centrifugation proceeded for 10 minutes at a rate of 3500 rpm. The eluent solutions were 
subsequently obtained, purified and validated by ICP-OES. For the study of blanks and actual 
samples, a sample protocol was done.  
  
3.2.6 Batch adsorption process  
To achieve the best maximum removal efficiency, the experimental conditions for the 
adsorption process were optimized using multivariate approach. Employing central composite 
design, the adsorption process was carried out considering two most significant variables 
namely; sample pH ad mass of adsorbent (Table 3.1).   
  
Table 3.1 Experimental variables for the removal of Cd (II) and Pb (II)  
Variable  Low level (-1)  Central point (0)  High level (+1)  
pH  3  6  9  
MA (g)  0.5  0.75  1.0  
3.2.7 Adsorption isotherms  
The adsorption capacity is related to initial ion concentrations. The adsorption capacity is 
enhanced with increasing the initial ion concentration. In order to study the adsorption 
equilibrium of Cadmium ions Langmuir isotherm model and Freundlich isotherm model were 
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used in the experiment, respectively. The linear form of the Langmuir model could be 
expressed as follows:-  
  
The linear form of the Freundlich model could be expressed as follows:  
  
where ce is the equilibrium concentration of Cd(II) in aqueous solution (mg L−1), qe is the 
adsorption amount (mg g-1) at equilibrium and qm is the adsorption capacities of saturation, KL 
represents enthalpy of sorption and should vary with temperature, and KF and n are the 
Freundlich constants related to the sorption capacity and sorption intensity, respectively.  
3.3 RESULTS AND DISCUSSION  
3.3.1 Characterization of Fe3O4@Al2O3 nanocomposite  
3.3.1.1 X-ray diffraction spectroscopy  
The structure and crystalline features of Fe3O4 nanoparticles shown in Fig. 3.1 (a) were assessed 
by the XRD analysis. The diffraction pattern of Fe3O4 nanoparticles exhibited pearls at 2θ = 
33.4°, 37.2°, 45.4°, 62.5° and 78.5°, corresponding to the characteristic diffractions of Fe3O4 
nanoparticles (Souri et al., 2020). The XRD pattern of the nanoadsorbent exhibits a sharp 
reflection peak corresponding to the reflection of magnetic nanoparticles modified with  
Al2O3. Fig. 3.1 (c) confirmed the presence of a mixed aggregate structure between Al2O3 and 
Fe3O4. The three additional peaks at 24.1°, 43.9° and 64.6° were assigned to Al2O3, more peaks 
were attributed to Fe3O4 and were shown at 24.1°, 33.2°, 43.4°, 49.5° and 64.6°. Therefore, the 
Al2O3@Fe3O4 nanocomposite indicate high crystalline phase purity of the nanoparticles. The 
Fe3O4@Al2O3 nanocomposite showed a decrease in the intensity and the broadness in terms of 




Figure 3.1 XRD spectra of A) Fe3O4, B) Alumina and C) Fe3O4@Al2O3  
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3.3.1.2 Fourier transform infrared spectroscopy (FT-IR)  
With FTIR, the nanocomposite Fe3O4@Al2O3 was further characterized. To prepare pellets that 
were then examined, the specimens were combined with KBr and ground into fine powder. At 
3150.54 cm-1, the FTIR spectra (Fig. 3.2) reveals a broad stretching band that may be attributed 
to the −OH group's stretching mode from adsorbed water in the sample. Metal-oxygen (MeO) 
bands are typically located at wavenumbers below 900.00 cm-1, according to Tanhaei et al., 
2015. At 572.36 cm−1, the Fe-O vibration band was found. Owing to the peak overlap, the 
minor components (Al-O) were replaced by the main components (Fe-O). Therefore, 
aggregates of Fe3O4 metal oxide were formed by the Al2O3 metal oxides. Therefore, the Al2O3 
metal oxides formed aggregates with the Fe3O4 metal oxide. In addition, the ionic radius of 54 
pm of Fe (III) and Al (III) is close to that of the ionic radius (55 p.m.) of Fe (III), so the 
substitution of Fe3O4 in the matrix is a desirable operation  
(Tanhaei  et  al.,  2015).  
  
Figure 3.2 FT-IR spectra of Al2O3, Fe3O4 and Fe3O4@Al2O3  
3.3.1.3 Scanning electron microscopy/energy dispersive x-ray spectroscopy (SEM/EDS)  
Scanning electron microscope was used to analyze the surface morphology of the 
nanocomposite Fe3O4@Al2O3 (Fig. 3.4). Fig. 3.4(a) displays numerous nanoparticles of 
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Fe3O4@Al2O3 structures. Fig. Fig. The surface morphology of the Fe3O4@Al2O3 
nanocomposite is seen in 3.4(c). It can be shown that the nanocomposite Fe3O4@Al2O3 is made 
of different particles of varying sizes and shapes that can be helpful to the adsorption process. 
Owing to the presence of different metal oxides, there is no agglomeration that can be detected, 
but the particles are fused together. Owing to the presence of different metal oxides, there is no 
agglomeration that can be detected, but the particles are fused together. This meant that since 
they were agglomerated together, the particles were not distributed equally. Elemental analysis 
with EDS was conducted to validate that Fe3O4@Al2O3 nanocomposites were synthesized. Fig. 
Fig. 3.3(b) displays the Fe3O4@Al2O3 nanocomposite EDS spectrum. Elemental percentage 
spectra show that Fe3O4@Al2O3 and nanocomposite have been synthesized successfully 
without impurities. Prior to the study, the samples were carbon-coated to ensure that the 
samples were conductive, thereby stopping samples from being fined.   
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Figure 3.3a) SEM image and b) EDS spectrum of Fe3O4@Al2O3 nanocomposite  
3.3.1.4 High resolution-transmission electron microscopy (HR-TEM)  
Fe3O4@Al2O3 nanocomposite HR-TEM measurements were conducted to further explore the 
morphology of Fe3O4 nanoparticles. Samples were dissolved in ethanol prior to sample 
processing and placed in an ultrasonic sonicator for a few minutes. Then the solution was 
removed and coated into a copper grid, then waited and examined for drying. Fig. 3.4 displays 
Fe3O4 nanoparticles, Fe3O4@Al2O3 nanocomposites in HRTEM images. Fe3O4@Al2O3 
nanocomposite HR-TEM measurements were conducted to further explore the morphology of 
Fe3O4 nanoparticles. Samples were dissolved in ethanol prior to sample processing and placed 
in an ultrasonic sonicator for a few minutes. An average particle size of 12 nm was obtained. 
Fig. 3.4 reveals the nanocomposite morphology of Fe3O4@Al2O3. The particles have been 
heavily agglomerated, thereby blocking some active sites that could be useful for metal ion 
adsorption, which is also compatible with the findings obtained from SEM. In addition, it is 
  
  
A   
B   
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possible to observe various shapes, but the rhombohedral shaped particles in the nanocomposite 
dominate  
  
Figure 3.4 TEM images for Fe3O4@Al2O3  
3.3.2 Optimization process  
The influential factors influencing Pb and Cd adsorptive elimination. To evaluate the most 
influential variables, response surface methodology based on central composite design (CCD) 
was then carried out. Two variables were chosen in this model, and in Table 3.2, the CCD 
matrix and analytical response (percentage removal efficiency (percent RE)) are given. An 
study of variance (ANOVA) and p-value (Nomngongo and Ngila, 2015), provided in the form 
of a Pareto chart, evaluated the importance of the results on the removal of Pb and Cd (Fig. 
3.5). According to the findings of ANOVA (Fig. 3.5b), all the variables and associations were 
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Table 3. 2 Central composite design matrix for the removal of Cd and Pb  
Run  pH  MA(mg)  %RE Cd  %RE Pb  
1  3,0  500  9  30  
2  9,0  500  97  97  
3  3,0  1000  13  52  
4  9,0  1000  97  96  
5  6,0  396  12  66  
6  6,0  1104  97  96  
7  1,8  750  6  4  
8  10,2  750  97  96  
9 (C)  6,0  750  12  79  
10 (C)  6,0  750  11  84  
11 (C)  6,0  750  10  79  
12 (C)  6,0  750  10  78  
13 (C)  6,0  750  0  78  
14 (C)  6,0  750  11  79  
15 (C)  6,0  750  10  80  
16 (C)  6,0  750  11  80  
  
  
Figure 3.5 Pareto chart of standardized estimated effects caused by the investigated factors:  
A: cadmium and B: lead.  
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The interactive effects of the individual variables were measured by the 3D reaction surface plots. 
The cumulative influence between the adsorbent mass and the sample pH as seen in  
Figure 3.6. As shown, the elimination of the Cd and Pb are mainly impacted by sample pH.  
This is since the solution's pH will impact the adsorbent's surface charges. The pH of the 
Fe3O4@Al2O3 nanocomposite at zero charge point was recorded at 5.22. (Nyaba et al. 2016). 
This meant that the adsorbent was negative above this pH value, thereby supporting the 
removal of Cd and Pb by electrostatic activity.  
  
Figure 3.6 Response surface plots showing the combined effect of the main effects while other factors 
are fixed at the central point.  
  
According to Fig. 3.7 the desirability of 1.0 was assigned for maximum recoveries (96.6%), 
0.0 for the minimum (4.2%) and 0.5 for the middle (50.4%). In addition, the individual 
desirability scores for the removal of Pb and Cd are presented on the left-hand side (Fig. 3.7, 
bottom). Therefore, the desirability value of 1.0 was selected as the target value in order to 
obtain optimal conditions. It can be seen from Fig. 3.7 that the percent recovery obtained from 
the plots for each variable in the model is shown at the top left-hand side. The statistics on the 
upper left-hand side demonstrate the shifts in each variable's degree and both its reaction and 
overall desirability. Therefore, the percentage recovery of Pb and Cd was optimized at 96.6 on 
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the basis of the measurements from the 3D plots and the desirability score of 1.0, and the 
optimal conditions were the adsorbent mass of 1.1g and the sample pH of 7.0.0.  
  
  
Figure 3.7 Profiles for predicated values and desirability function for preconcentration of Pb and 
Cd.  
3.3.4 Adsorption isotherms   
The effect of trace metal concentrations on adsorption capacity was investigated by varying the 
initial Cd and Pb concentration from 1 mg L-1 (Cd) and 20 (Pb) mg L-1 at pH 7.0 and an 
adsorbent mass of 1.1g was used. As seen in the Fig 3.8, the rapid adsorption was observed at 
low concentration of the investigated analysts. This might be due to the availability of active 
sites on the surface of the adsorbent. Furthermore, it suggests that these active site are gradual 
occupied by Cd and Pb. As the concentration increases the adsorption process becomes less 
efficient because the site are saturated (reached equilibrium). As see in Fig. 3.8, an increase in 
the concentration led to an increase in the adsorption capacity. The increase in trace metals 
adsorption with concentration could be ascribed to the obstruction of resistance toward Cd and 




Figure 3.8 Adsorption Isotherm by varying the Cd and Pb concentration  
  
The relative parameters calculated from the two models are listed in Table 3.3. The sorption 
isotherms are better fitted by the Langmuir model (R2= 0.9795) than by the Freundlich model 
(R2= 0.8593) for Cd (II) sorption and for Pb (II) sorption by the Langmuir model (R2= 0.819) 
than by the Freundlich model (R2= 0.0952) that suggested on Fe3O4@Al2O3 composite is 
monolayer coverage. This may be attributed to the homogeneous distribution of surface 








Table 3.3 Adsorption Isotherms models for Pb and Cd removal using Fe3O4@Al2O3 composite  
Langmuir parameters   Freundlich parameters  
Parameters  Cd  Pb  Parameters  Cd  Pb  
qmax  6.98  37.6  n  4.1  6.4  
KL  2.11  14.8  KF  2.72  13.5  
R2  0.9795  0.8190  R2  0.8593  0.0952  
  
3.3.5 Adsorption kinetics   
In order to understand the existence of the adsorption mechanism, kinetics experiments have 
been investigated. In addition, the kinetic models (pseudo-first-order, pseudo-second-order and 
intraparticle diffusion) were used to analyze the mechanism of adsorption and the steps to 
evaluate the rate, and the findings are outlined in Table 3.4. Table 3.4 demonstrates that the 
kinetics results fit well into the pseudo-second order, showing that this kinetic model is more 
useful for describing Cd and Pb's adsorption behavior on the composite. This meant that it was 
dominant with chemisorption. The phases of the adsorption mechanism were measured using 
the intraparticle diffusion model (Table 3.4). The findings obtained showed that two phases 
occurred during Cd and Pb adsorption. The first phase denotes film diffusion, according to the 
literature, and the second phase reflects intraparticle diffusion. The film diffusion happened as 
the molecules of Cd and Pb diffuse from the solution to the composite's exterior surface, 
whereas intraparticle diffusion was due to the adsorbent's rough surface and voids. The 
presence of intercepts confirms that the plot did not pass through the origin implying that the 













Table 3.4 Kinetics models for Pb and Cd removal using Fe3O4@Al2O3 composite  
Kinetics models   Parameters  Cd  Pb  
  Qeexpt  6.98  37.6  
First order  Qe  11.0  30.6  
  k1  0.058  0.0002  
  R2  0.693  0.4536  
Second order  Qe  8.31  7.3  
  k2  0.0064  0.30  
  R2  0.9250  1  
Intraparticle  kid1  0.30  0.652  
  C1  2.97  2.4  
  R2  0.8836  0.9268  
  kid2  1.03  3.78  
  C2  1.54  9.00  
  R2  0.9524  0.9610  
  
3.3.7 Reusability of Fe3O4@Al2O3   
The reusability of the nanocomposite Fe3O4@Al2O3 was assessed in compliance with the 
updated approach stated by Gugushe et al. 2019. This was done to explore how many times the 
prepared nanoadsorbent can be used while preserving adequate recoveries in the 
preconcentration process. In short, the nanoadsorbent already used in the preconcentration 
process was distributed into 50 mL of a 2.5 mol L−1 HNO3 solution. The mixture was sonicated 
for 30 min to ensure that all traces of metals that were adsorbed were separated from the sorbent 
into the solution. Using centrifugation and the use of magnetic decantation, the nanoadsorbent 
was removed from the solution, and the supernatant was discarded.  
To clean the adsorbent, the nanoadsorbent was then washed 3 times with ultrapure vapor. 
Finally, the nanoadsorbent was separated from the supernatant by magnetic decantation and 
dried at 60 °C until it was reused. This technique was successively employed before the 
nanoadsorbent was reused. With an average RSD of 3.7 percent, though preserving the high 
recoveries of the metal ions measured, the nanoadsorbent was reused more than 8 times.  
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3.4 CONCLUSION  
The ferrous-ferric oxide/alumina nanocomposite sized nanometer was successfully synthesized 
and used as an adsorbent in the DSPE technique used prior to its ICP-OES determination for 
the removal of cadmium and lead in water and wastewater samples. The nanocomposite was 
characterized by TEM, SEM/EDS, FTIR, and XRD to determine the morphological, elemental 
composition, structural, surface chemistry and magnet properties. In the research, a 
multivariate analysis using the optimization technique of fractional factorial nature was used 
to optimize the parameters that could influence the DSPE method developed. This optimization 
helped us to select the correct conditions for the laboratory that could be used in restricted 
experimental experiments. In optimal conditions, the evolved DSPE system was tested for its 
efficacy by analyzing atmospheric water samples. In addition to the simplicity, efficacy and 
robustness of the established process, the synthesized nanocomposite sorbent material has 
demonstrated strong adsorption capacity.  
  
3.5 REFERENCES  
Adlnasab, L., Shekari, N., & Maghsodi, A. (2019). Optimization of arsenic removal with 
Fe3O4@ Al2O3@ Zn-Fe LDH as a new magnetic nano adsorbent using BoxBehnken 
design. Journal of Environmental Chemical Engineering, 7(2), 102974.  
Roy, A. (2020). Microwave-assisted synthesis and characterization of γ-Al2O3/γ-Fe2O3 
composite and evaluating its efficiency in fluoride removal. Colloids and Surfaces A: 
Physicochemical and Engineering Aspects, 125574.  
Dimpe, K.M., Nyaba, L., Magoda, C., Ngila, J.C. and Nomngongo, P.N., 2017. Synthesis, 
modification, characterization and application of AC@ Fe2O3@ MnO2 composite for 
ultrasound assisted dispersive solid phase microextraction of refractory metals in 
environmental samples. Chemical Engineering Journal, 308, pp.169-176.(13)  
Pekiner, O. Z., & Tüzen, M. (2014). Preconcentration and speciation of vanadium by three 
phases liquid–liquid microextraction prior to electrothermal atomic absorption 
spectrometry. Journal of Industrial and Engineering Chemistry, 20(4), 1825-1829.  
Afkhami, A., Aghajani, S., Mohseni, M., & Madrakian, T. (2015). Effectiveness of Ni 0.5 Zn  
0. 5 Fe 2 O 4 for the removal and preconcentration of Cr (VI), Mo (VI), V (V) and W  
(VI) oxyanions from water and wastewater samples. Journal of the Iranian Chemical Society, 
12(11), 2007-2013.  
58  
Sun, X. F., Ma, Y., Liu, X. W., Wang, S. G., Gao, B. Y., & Li, X. M. (2010). Sorption and 
detoxification of chromium (VI) by aerobic granules functionalized with 
polyethylenimine. Water research, 44(8), 2517-2524.  
Jerin, V. M., Remya, R., Thomas, M., & Varkey, J. T. (2019). Investigation on the Removal of 
toxic Chromium Ion from Waste Water using Fe2O3 Nanoparticles. Materials Today: 
Proceedings, 9, 27-31.  
Samadi-Maybodi, A., & Rezaei, V. (2012). A cloud point extraction for spectrophotometric 
determination of ultra-trace antimony without chelating agent in environmental and 
biological samples. Microchimica Acta, 178(3-4), 399-404.  
Lakherwal, D. (2014). Adsorption of heavy metals: a review. International journal of environmental 
research and development, 4(1), 41-48.  
Nyaba, L., Matong, J. M., & Nomngongo, P. N. (2016). Nanoparticles consisting of magnetite 
and Al 2 O 3 for ligandless ultrasound-assisted dispersive solid phase microextraction 
of Sb, Mo and V prior to their determination by ICP-OES. Microchimica Acta, 183(4), 
1289-1297.  
Tanhaei, B., Ayati, A., Lahtinen, M., & Sillanpää, M. (2015). Preparation and characterization 
of a novel chitosan/Al2O3/magnetite nanoparticles composite adsorbent for kinetic, 
thermodynamic and isotherm studies of Methyl Orange adsorption. Chemical 
Engineering Journal, 259, 1-10.  
Srivastava, A., Singh, M., Karsauliya, K., Mondal, D.P., Khare, P., Singh, S. and Singh, S.P., 
(2020). Effective elimination of endocrine disrupting bisphenol a and S from drinking 
water using phenolic resin-based activated carbon fiber: Adsorption, thermodynamic 
and kinetic studies. Environmental Nanotechnology, Monitoring & Management, 
p.100316.  
Mohammed, A.S., Kapri, A. and Goel, R., 2011. Heavy metal pollution: source, impact, and 
remedies. In Biomanagement of metal-contaminated soils (pp. 1-28). Springer, 
Dordrecht.  
Demayo, A., Taylor, M.C., Taylor, K.W., Hodson, P.V. and Hammond, P.B., 1982. Toxic 
effects of lead and lead compounds on human health, aquatic life, wildlife plants, and 
livestock. Critical reviews in environmental science and technology, 12(4), pp.257305.  
Kobylinska, N., Kostenko, L., Khainakov, S. and Garcia-Granda, S., 2020. Advanced coreshell 
EDTA-functionalized magnetite nanoparticles for rapid and efficient magnetic solid 
59  
phase extraction of heavy metals from water samples prior to the multi-element 
determination by ICP-OES. Microchimica Acta, 187(5).  
Hou, T., Yan, L., Li, J., Yang, Y., Shan, L., Meng, X., Li, X. and Zhao, Y., 2020. Adsorption 
performance and mechanistic study of heavy metals by facile synthesized magnetic 
layered double oxide/carbon composite from spent adsorbent. Chemical Engineering 
Journal, 384, p.123331.  
Nguyen, T.A.H., Ngo, H.H., Guo, W.S., Zhang, J., Liang, S., Yue, Q.Y., Li, Q. and Nguyen, 
T.V., 2013. Applicability of agricultural waste and by-products for adsorptive removal 
of heavy metals from wastewater. Bioresource technology, 148, pp.574-585.  
Wang, K., Zhao, J., Li, H., Zhang, X. and Shi, H., 2016. Removal of cadmium (Ⅱ) from 
aqueous solution by granular activated carbon supported magnesium hydroxide. 
Journal of the Taiwan Institute of Chemical Engineers, 61, pp.287-291.  
Pietrelli, L., Ippolito, N.M., Ferro, S., Dovì, V.G. and Vocciante, M., 2019. Removal of Mn 
and As from drinking water by red mud and pyrolusite. Journal of environmental 
management, 237, pp.526-533.  
Souri, Z., Karimi, N., Norouzi, L. and Ma, X., 2020. Elucidating the physiological mechanisms 
underlying enhanced arsenic hyperaccumulation by glutathione modified 
superparamagnetic iron oxide nanoparticles in Isatis cappadocica. Ecotoxicology and 
Environmental Safety, 206, p.111336.  
Tanhaei, B., Ayati, A., Lahtinen, M. and Sillanpää, M., 2015. Preparation and characterization 
of a novel chitosan/Al2O3/magnetite nanoparticles composite adsorbent for kinetic, 
thermodynamic and isotherm studies of Methyl Orange adsorption. Chemical 
Engineering Journal, 259, pp.1-10.  
Nomngongo, P.N. and Ngila, J.C., 2015. Multivariate optimization of dual-bed solid phase 
extraction for preconcentration of Ag, Al, As and Cr in gasoline prior to inductively 
coupled plasma optical emission spectrometric determination. Fuel, 139, pp.285-291.  
Nyaba, L., Matong, J.M. and Nomngongo, P.N., 2016. Nanoparticles consisting of magnetite 
and Al 2 O 3 for ligandless ultrasound-assisted dispersive solid phase microextraction 
of Sb, Mo and V prior to their determination by ICP-OES. Microchimica Acta, 183(4), 
pp.1289-1297.  
Nguyen, T.A.H., Ngo, H.H., Guo, W.S., Zhang, J., Liang, S., Yue, Q.Y., Li, Q. and Nguyen, 
T.V., 2013. Applicability of agricultural waste and by-products for adsorptive removal 
of heavy metals from wastewater. Bioresource technology, 148, pp.574-585.  
60  
Gugushe, A.S., Mpupa, A. and Nomngongo, P.N., 2019. Ultrasound-assisted magnetic solid 
phase extraction of lead and thallium in complex environmental samples using magnetic 
multi-walled carbon nanotubes/zeolite nanocomposite. Microchemical Journal, 149, 
p.103960.   
61  
CHAPTER 4:  
SYNTHESIS AND APPLICATION OF Fe3O4@MnO2 NANO-ADSORBENT 
FOR THE DISPERSIVE SOLID PHASE EXTRACTION OF HEAVY 
METALS IN ENVIRONMENTAL SAMPLES  
 
4.1 INTRODUCTION  
Water is an important natural resource for the well-being of living organisms and human beings 
in general (Wassie, 2020). Industrialization and other anthropogenic practices, however, pose 
harmful threats to flora and fauna because they depend on clean water for their survival 
(Chowdhary et al., 2020). This is because oceans, rivers, reservoirs and ponds appear to be 
polluted by these activities (Chowdhary et al., 2020). The trace metals pollution in water is of 
concern because of the consequences that can be detrimental to marine ecosystems, animals 
and human beings (Chowdhary et al., 2020). There are trace metals that are important for 
human beings and when they are eaten, there are those that are harmful to human beings. Even 
at small amounts, heavy metals such as arsenic (As), lead (Pb), cadmium (Cd), thallium (Tl) 
and mercury (Hg) are harmful and cancerous to humans (Fatima et al., 2020). Cutting, paper 
and pesticides, sheet plating, battery production, fertilizers, metallurgical processes and fossil 
fuels are the primary environmental sources of trace metals (Poorsalgol et al., 2020). These 
inorganic toxins in living organisms appear to bioaccumulate and are not biodegradable 
(Hossain et al., 2020).  
The toxicity and adverse effects of trace metals such as arsenic, cadmium and lead have been 
well reported and include sleeping disabilities, speech impairment, elevated blood pressure, 
and low attention, lack of memory, mood swings, fatigue, allergic reactions and depression 
(Hossain et al., 2020). Furthermore, there is the ability for arsenic, cadmium and thallium to 
kill human cellular enzymes (Hossain et al., 2020). Therefore, green and efficient sample 
processing methods need to be implemented in order to address the problem that is associated 
with toxic elements. Methods of sample preparation are desirable since they allow for analytical 
techniques such as the atomic absorption spectrometer of flame (FAAS) (Shirani et al., 2020), 
inductively coupled plasma optical emission spectrometer (ICP-OES) (Rehan et al., 2020) and 
inductively coupled plasma mass spectrometer (ICP-MS) (Roberts et al., 2020) Therefore, 
sample preparation techniques such as liquid-liquid extraction (LLE) (Zhao et al., 2020), solid 
phase extraction (SPE) (Öztürk et al., 2020), microwave extraction technique (MAE) 
(Wojnarowicz et al., 2020), and dispersive solid phase extraction (DSPE) (Moghadam et al., 
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2020) have been reported for extraction and preconcentration of trace metals. The DSPE 
approach is unique among the above approaches in that it provides benefits such as the effective 
separation of trace metals from various matrices and the complete association of the solution / 
samples and the solid phase (adsorbent) (Mehdinia et al., 2020).  
A variety of conventional methods, such as membrane filtration (Darban et al., 2020), 
electrochemical treatment (Li et al., 2020), chemical precipitation (Peng and Guo, 2020), 
coagulation (Aragaw, 2020) and adsorption (Reshadi et al., 2020), are commonly used to 
remove trace metals. Due to its cost-effectiveness, simplicity, simple to work and elimination 
of high-efficiency trace metals, adsorption methods are preferred. Nanoparticles (Deshpande 
et al., 2020), nanocomposites (Deshpande et al., 2020), carbon nanofibers (Thamer et al., 2020), 
and activated carbon (Chowdhary et al., 2020) are promising adsorption products for the 
elimination of trace metals. Composite-based adsorbents have been tested for the ability to 
adsorb trace metals efficiently (Munounde and Nomngongo, 2021) and have shown specific 
properties in trace metals. Methods such as hydrothermal (Aboulouard et al., 2020), spray 
pyrolysis (Aboulouard et al., 2020) and sol-gel (Quintero et al., 2020) require the preparation 
of composites encompassing metal oxides along with CNFs. For most researchers, the use of 
the sol-gel process has drawn interest, as it is the most effective method for the synthesis of 
trace metal functional adsorbing materials.  
The aim of this work was to prepare nanoparticles of iron oxide@manganese oxide 
(Fe3O4@MnO2) via the sol-gel method. The potential applicability of Fe3O4@MnO2 as a 
sorbent for DSPE was investigated in environmental water samples for the preconcentration of 
As, Cd, Cr and Pb. The oxidation properties of MnO2, and the adsorption and magnetic abilities 
of Fe3O4 were combined in the composite selected in this analysis. Use of the two-level 
fractional factorial layout to optimize the DSPE procedure. In addition, the accuracy of the 
process was tested using spike recovery testing (due to the lack of an acceptable standard 
solution) and the method developed was successfully extended to actual samples for heavy 






4.2. EXPERIMENTAL   
4.2.1 Instrumentation  
The analyte quantification (As, Cd, Cr and Pb) was conducted using an ICP-OES spectrometer 
fitted with a charge injection system (CID) detector (iCAP 6500 Duo, Thermo Scientific, UK). 
A concentric nebulizer and a cyclonic spray chamber were inserted into the samples. The 
instrument's operational parameters are presented in Table 4.1. The Branson 5800 ultrasonic 
Cleaner (Danbury, CT, USA) was used for the adsorption tests. The electronic glass electrode 
pH meter calculated the pH of the wastewater sample and the model solution (Mettler-Toledo 
FE20, Switzerland). Eppendorf 5702 Centrifuge (Eppendorf Ag, Hamburg, Germany) was used 
to separate the adsorbent from the solutum sample.  
Scanning electron microscope/energy dispersive x-ray (SEM/EDS) spectroscopy 
(VEGASTESCAN, USA) and transmission electron microscope (TEM) were used to observe 
the morphology of the adsorbent (JEOL, JEM 2100 F). X-ray powder diffraction (XRD) 
measurements were conducted with an automated sample changer diffractometer model PW 
17755 with a Philips X-ray generator model PW 3710/31 (scintillation counter, Cu-target tube, 
and Ni-filter at 40 kV and 40 mA). Using a Spectral 100 FT-IR (PerkinElmer, USA) 
spectrometer fitted with uniform attenuated total reflectance, the infrared spectrum was 
recorded (ATR).  
4.2.2 Sampling and collection of samples  
Samples were collected from surface water, downstream (Apies river water before discharge 
of effluent) and upstream (river water before discharge of effluent) Using a Bailer sampling 
shovel, river water samples were collected 1 meter from the top of the waste water and at entry; 
samples were cooled at 4 oC. Acidified to a pH lower than 2 were the samples collected.  
4.2.3 Reagents and standards  
Unless otherwise mentioned, all chemicals were of analytical reagent consistency and double 
distilled water was used in the experiments. Sigma-Aldrich has purchased hydrochloric acid 
(HCl (37 percent)) (Fluka, St. Loius, MO, USA). Sigma-Aldrich purchased total methanol 
(99.9 percent), nanoparticles of iron oxide, manganese (II)chloride tetrahydrate, ammonium 
hydroxide solution (30 percent) and ultrapure nitric acid (69 percent) (Fluka, St. Loius, MO, 
USA). The pH values of the model solutions were modified for 1.0 mol L-1 acetic acid and 1.0 
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mol L-1 ammonium hydroxide for Sigma-Aldrich purchases (St. Loius, MO, USA). Due to the 
lack of an acceptable standard reference content, the established approach was validated by a 
spiking sample solution with a multi-elemental standard. For holding the solutions, 
polyethylene bottles were used. Both the glassware and plastic containers used during this 
procedure were overnight immersed in 10% HNO3 solution and rinsed with deionized water 
and ultrapure water. In order to distinguish the adsorbent content from model solutions and 
waste water samples, cellulose acetate membrane (Separations Science SA  
(Pty) Ltd) filters (0.45 μm) were used. SpexCertiPrep (Industrial Analytical (Pty) Ltd, South A) 
supplied a multi-elemental standard solution of 10 mg L-1.  
  
4.2.4 Preparation of iron oxide @ manganese oxide composite  
It should be remembered that nanoparticles of iron oxide and manganese oxide have been 
picked because of their desirable physico-chemical properties, cost-effective precursors and 
their ability to be used in environmental remediation (Gnanam and Rajendran, 2011). 
Fe3O4@MnO2 composite preparation was adapted with some minor change from Gnanam and 
Rajendran, 2011 and Nyaba et al. 2016. To briefly explain the process, 0.1M of 
Manganese(II)chloride tetrahydrate solution was prepared under intense stirring by dissolving 
the necessary mass of a solid in 100 mL of methanol. Sufficient amounts of Fe3O4 were spread 
by ultrasound until the powders were equally dispersed. In one broad beaker, the two solutions 
were combined and 10 mL of ammonium hydroxide was applied dropwise to the mixture using 
a desk before the gel was formed. In the solution, the gross weight ratio of Fe3O4 and MnO2 
was 0.75g and 0.75g (1:1), respectively. After gel forming, the latter was left to mature for 24 
hours at ambient temperature. The finished result was cleaned with methanol and water in 
succession. It was then washed and dried for 12 hours at 120°C. At 450 oC for 3.5 hours, the 
resultant brownish content was calcinated. The synthesis method had to be replicated because 
the end-product (750 mg) was not adequate to carry out the whole experimental mission.  
  
4.2.5 Ultrasound-assisted dispersive solid phase extraction (DSPE)  
The DSPE was carried out according to the procedure reported by Nyaba et al. 2016. To 
describe the method briefly, accurate mass (50-200 mg) of the Fe3O4@MnO2 adsorbent was 
placed in a 100 mL sample bottle followed by each model solution containing 100 µg L-1 of 
each analyte. The preconcentration of the target analytes using DSPE method was performed 
using a shaker for 5 to 30 min. After shaking, the sample solutions were left to settle and the 
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supernatant was discarded and dilute nitric acid solutions were used to elute the retained 
analytes (0.5-2.5 mol L-1 HNO3). Ultrasonic elution was also aided for 10 minutes and 
centrifugation proceeded for 10 minutes at a rate of 3500 rpm. ICP-OES obtained, purified and 
evaluated the eluent solutions afterwards. For the study of blanks and actual samples, a sample 
protocol was carried out.  
  
4.2.6 Optimization strategy   
To optimize multiple variables and their interaction, a multivariate optimization was used that 
could affect the Fe3O4@MnO2 nanocomposite preconcentration method. In order to decide the 
influential factors between pH, eluent concentration and extraction time, adsorbent mass, 
stirring time and eluent volume and their successful analyte reaction, six parameters were 
selected and used. The central composite design (CCD) based reaction surface technique was 
used to achieve the optimal conditions of the most influential variables. The design of the 
experiments was carried out using mathematical tools and Table 4.1 presents the variables and 
their levels.  
Table 4.1 Factors and levels used in 26 factorial design for the preconcentration of metal ions in 
water samples.  
Individual Factors  Low level  Central Point (O)  High level  
Sample pH  2  3  5  
Mass of Adsorbent (mg)  20  35  50  
Stirring Time (Min)  5  22  40  
Eluent Concentration (mol L-1)  1  3  5  
Eluent Volume (mL)  7  8.5  10  
Extraction Time (min)  5  12  20  
  
4.3 RESULTS AND DISCUSSIONS   
4.3.1 Characterization  
SEM morphology experiments were done on Fe3O4 NPs, MnO2 NPs and Fe3O4@MnO2  
composite (Fig. 4.1(a)-(c)). A strongly porous structure with pores of varying sizes is seen in 
Fig 4.1 (a) and (b). Nevertheless, Fig. 4.1 (c) applies to the properties of the material, since Fig. 
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4.1 (c) consists of a composite. The pores of the composite showed strong uniformity, and the 
appearance of irregular formed cavities also symbolizes the desirable properties of the 
composite for a good quality adsorbent. Fig. 4.1 (c) indicates that the mixed metal oxide NPs 
represent small particles attributed to them. The development of nanoparticles has been seen 
on the surface of composite nanoparticles (Fig. 4.1)  
  
Figure 4.1 SEM images for (a) Fe3O4, (b) MnO2, and (c) composite   
The Fe3O4@MnO2 composite X-ray diffraction patterns are presented in Fig. 4.2. As both metal 
oxide NPs were fused together, the XRD pattern for the composite was examined to track the 
improvements. It can be shown that the nanocomposite Fe3O4@MnO2 is well amalgamated 
together (Fig. 4.2(b)). In addition, peak properties were observed for the different crystalline 
structures of MnO2 (i.e. birnessite phase) and Fe3O4 (magnetite phase) (Zhi-liang et al., 2010).  
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Figure 4.2 XRD analysis of Fe3O4, MnO2 and Fe3O4@MnO2   
The Fe3O4@MnO2 composite IR spectrum was used to investigate their functional groups. The 
plateau at 3491 cm-1 is due to the O-H vibration stretching of the hydroxyl groups (Zhang et 
al., 2010). In acidic oxygen surface groups, the band at 1655 cm-1 was allocated to the stretching 
(C-O) vibrations of carboxyl and carbonyl, which in turn play a critical role in trace metal 
adsorption. Furthermore, C=C stretching vibrations were due to the band at 1386 cm−1. In 
addition, the band was allocated to the C-O stretching at 1180 cm−1 (Li et al., 2014). It can be 
shown that the composite had a band of 578 cm-1 due to Fe3O4 and MnO2 stretching vibrations 
(Kumar et al., 2014).  
4.3.2 Chemometric optimization of DSPE  
The two-level (26) complete factorial architecture matrix and the effects of the empirical 
response thereof are shown in Table 4.2. The analytical reaction variations dependent on the 
experimental domains were then further illustrated (Mashile et al., 2018). The findings in this 
table have made it possible to quantify the significant impact of the primary and interaction 
impacts. Test pH, mass of adsorbent (MA), eluent concentration (EC) and extraction time (ET), 
extraction volume (EV) and stirrer time are the individual factors investigated (ST). As an 
empirical response, the percent recovery was used. The data in Table 4.2 was analyzed using 
the analysis of variance (ANOVA) (Ramutshatsha et al., 2020). Fig. 4.3 shows that the effects 
of the independent variables have a positive effect on the response expect eluent volume and 
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the mass of eluent for As and Cr preconcentration and also eluent volume for Cd and Pb. Based 
on the positive number, the mass of adsorbent and eluent volume were the most influential 
factor at 95% confidence level. The remainder of the variables had a negative or negligible 
influence on the analytical response. These studies have also shown that preconcentration of 
As, Pb, Cr and Cd improves the changes in individual results from low to high levels. In cases 
where the eluent concentration for Cr and Pb extraction had a negative impact on the reaction, 
the percentage recovery rate decreased dramatically as this aspect increased from low to high 
levels. Through the data obtained from Pareto maps, the result was drawn that the adsorbent 
and eluent volume mass were the influential variables that should be further optimized. The 
stirrer time was kept constant at 22.5 min, pH was kept constant at 5.5, eluent concentration 
was kept constant at 3 mol L−1 and the extraction time of  
12.5 minutes.  
  
 
Table 4.2 Design matrix results and analytical response  
  
Experimental Run  
   Parameters    Analytical Response (µg L-1)  
ST(min)  MA(mg)  pH  EC (mo L-1)  EV(mL)  ET(min)  AS   Cd   Cr   Pb  
1  40  50  2  1  7  5  56  65  23  48  
2  5  20  9  1  10  5  65  64  56  59  
3  40  20  9  1  10  20  34  41  74  85  
4  5  50  9  1  7.  20  24  28  72  84  
5  4  50  9  1  10  20  36  35  65  74  
6  5  20  2  5  7  20  24  75  87  62  
7  40  20  2  5  7  5  57  71  69  51  
8  5  50  2  5  10  5  35  65  75  68  
9  40  50  2  5  7  20  67  48  63  74  
10  5  20  9  5  10  20  34  76  47  62  
11  40  20  9  5  10  5  84  64  52  74  
12  5  50  9  5  7  5  78  48  36  45  
13  40  50  9  5  10  5  75  36  78  86  
14 (C)  22.5  35  5.5  3  7  5  88  95  91  81  
15 (C)  22.5  35  5.5  3  7  20  91  87  93  89  
16 (C)  22.5  35  5.5  3  10  20  94  93  87  95  





Figure 4.3 Screening results of Cr, As and Cd, Pb  
Final optimization of the two independent variables was then carried out through the central 
composite design technique of the response surface (Table 4.4). The 3D surface response plots 
are constructed from the data obtained from the CCD (Fig. 4.4). It has been observed for Cr, 
As, Cd and Pb that as the eluent volume (EV) and adsorbent mass (MA) rise, so does the percent 
recovery (Fig. 4.3). Based on the experimental ranges, the eluent concentration, extraction time, 
pH, stirrer time and eluent time were kept constant while the other two variables (MA and EV) 
differed. EC; 3 mol L−1, MA; 4 is ideal conditions for preconcentration and elution of metal 




Figure 4.4 3D response surface plots for Pb, As, Cr and Cd.  
  
As a numerical optimization technique, the desirability function was used to choose optimal 
desired values for each variable and the analytical response (Mashile et al., 2018). The two 
variables (EV and MA) were tested at a particular set of values in order to do this, while the 
analytical response was aimed at reaching the optimum (Mashile et al., 2018). The maximal 
productivity of Cr, Pb, Cd and As percent removal obtained was 99.3 percent (Fig. 4.5) at 
sample pH of 5.5, EC of 3 mol l-1 and extraction of 12.5 minutes, based on these conditions. 
Therefore, the optimal conditions were MA 44,075 mg, EV 10,315 mL, respectively, based on 
the FFD, RSM, and desirability functions.  
  
  
Figure 4.5 3D response surface plots for Pb, As, Cr and Cd.  
4.3.3 Analytical figures of merit of DSPE  
Under optimized conditions, the analytical merit figures of the evolved DSPE system were 
evaluated. By subjecting the blank and six successive standard solutions containing known 
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quantities of refractory metals at a concentration range of 1-500 μg L-1 to the established DSPE 
process, the calibration curves were built. Table 4.3 outlines the complex linear distributions 
and coefficients of correlation (R2) of all analytes. As seen in Table 4.1, the intraday accuracy 
(n=20) of the optimized system expressed in terms of the percentage standard deviation (percent 
RSD) for all analytes of interest was less than 5 percent. Furthermore, the inter-day 
(reproducibility) precisions of the DSPE method ranged 2.1-4.9 %. Therefore, it can be inferred 
that strong repeatability and reproducibility were seen in the DSPE. The identification and 
quantification limit (LOD and LOQ) is measured using the analytical figures of merit and, 
respectively, where SD is the standard deviation of the analytical responses of the blank solution 
independent measurements (n=15) and b is the calibration curve slope. Table 4.3 summarizes 
the LODs, LOQs, and the accuracy of the established process. Table 4.3 Analytical figures of 
merit for the proposed DSPE method  
Analytes  DLR  
(µg L-1)  
(R2)  LOD  
(µg L-1)  
LOQ  
(µg L-1)  
Precision (%RSD)  
          Intraday  Interday  
As  0.037-500  0.9991  0.02  0.047  2.7  3.9  
Cr  0.003-500  0.9994  0.004  0.007  2.1  4.4  
Cd  0.006-500  0.9995  0.005  0.008  3.7  4.1  
Pb  0.019-500  0.9997  0.009  0.023  2.9  4.9  
  
4.3.4 Interference studies   
Using a synthetic water sample containing target analytes spiked with Al, Ba, Cd, Ca, Cr, Co, 
Cu, Na, Fa, Pb, Mg, Mn, Ni and Zn at a concentration level of 1.0 mg L-1, the influence of the 
possible intrusion of intervening ions on the preconcentration of target analytes was tested 
under ideal conditions. The tolerance limit of the potential interfering ion was described as the 
largest quantity leading to a difference in the recovery of the target analytes by less than 10% 
error. The prepared adsorbent revealed that the target analytes had outstanding adsorption 
abilities with adequate recoveries (ranging from 95-97%).   
4.3.5 Adsorption and Regeneration studies  
One of the essential parameters (factors) is adsorption capability since it defines how much 
sorbent is required to quantitatively preconcentrate analytes from aqueous matrices 
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(Nomngongo and Ngila, 2014). The research investigated the isotherms of adsorption of As, 
Cd, Cr and Pb on the composite prepared for Fe3O4@MnO2. The DSPE was carried out to test 
the adsorption of heavy metals (adsorbate) on the Fe3O4@MnO2 composite under controlled 
conditions (adsorbent). Langmuir and Freundlich isotherm models were used to analyze the 
experimental results, describing the liquid-solid adsorption mechanism (Luo et al., 2013). For 
the fitting of the experimental results to theoretical models, linearized equations were 
introduced for the two isotherms. When the experimental data was fitted into both linearized 
equations, the R2 value (R2= 0.997) was given by the Langmuir model, which is better than the 
Freundlich isotherm (R2= 0.984). 187, 156, 181, 189 mg g-1were found to be the highest 
adsorption capacities of As, Cd, Cr, and Pb, respectively. Its reusability was tested by recycling 
the same adsorbent to determine the durability of the prepared composite. The regenerability 
analysis according to Nyaba el al., 2016 was carried out under optimal conditions. To clarify 
the stabilization and regeneration of the adsorbent, the preservation and elution of adsorbed 
metal ions on the Fe3O4@MnO2 composite has been studied. For each phase of elution, the 
composite was washed with deionized water three times. The adsorbent was isolated by 
centrifugation in between the washing processes. The Fe3O4@MnO2 composite was dried in 
an oven at 70°C and reused. The recovery outcomes were determined by measuring 
improvements in the recovery of As, Cd, Cr and Pb. The findings revealed that composite 
Fe3O4@MnO2 can be regenerated more than ten times and was stable without a clear decrease 
in recoveries (%RSD ≥95%).  
 
4.3.6 Validation and application of the proposed method  
Spiked samples and waste water samples were used to test the validity and applicability of the 
generated DSPE. The spike recovery test was conducted to determine the accuracy of the 
proposed procedure due to the lack of a valid standard/certified reference content. The findings 
shown in Table 4.4 indicate a strong alignment between the spiked concentration and the 








Table 4.4 Validation of DSPE method using downstream river sample  
Analytes  Added (µg L-1)  Found(µg L-1)  %Recovery  

















4.3.7 Application in real samples   
The developed DSPE method was applied for the removal of As, Cd, Cr and Pb in 
environmental samples (Apies River). For the elimination of As, Cd, Cr and Pb in 
environmental samples, the evolved DSPE approach was used for (Apies River). Next to the 
big city of Gauteng, the Apies River passes and the wash-off or rather runoff of rainwater could 
contribute to leaching into the river water from these metals. In order to elucidate the 
applicability and validity of the synthesized adsorbent, in two actual samples with separate 
matrices and even different metal ion concentration values, the present procedure was used for 
the removal of As, Cd, Cr and Pb. Table 4.5 presents the results of the removal of As, Cd, Cr 
and Pb from downstream and upstream water samples, whereas analyses were performed at 
three concentration levels with five replicates at each level. The accuracy and accuracy of the 
method were checked with the removal% obtained ranging from 93.0% to 98.0% and 
repetitiveness (RSD) ranging from 1.1 to 4.5. The results from analysing river water gave a 










Table 4.5 Application of Fe3O4@MnO2 in real river water samples (µg L
-1)  
Analyte  Apies river (downstream)  Apies river (upstream)  
  DSPE  ICP-OES  DSPE  ICP-OES  
As  0.06±1.30  0.006±3.3  0.015±2.24  0.005±3.4  
Cd  0.09±1.51  0.004±1.2  0.041±1.18  0.003±3.4  
Cr  0.16±1.4  0.008±1.6  0.641±1.10  0.010±2.4  
Pb  0.03±2.42  0.001±2.1  0.009±3.7  0.004±3.6  
  
4.4 CONCLUSION   
The Fe3O4@MnO2 composite was successfully synthesized via a sol-gel method. Using 
methods such as SEM, XRD, FTIR, the prepared adsorbent was defined. The composite was 
used for preconcentration of As, Cd, Cr and Pb in environmental samples as an adsorbent in 
DSPE. Using the multivariate approach, the efficiency of the DSPE system was optimized. The 
capability of adsorption and reusability of the composite Fe3O4@MnO2 were satisfactory.The 
accuracy of the DSPE was validated by spike recovery tests, and results proved the reliability 
and efficiency of Fe3O4@MnO2 composite in adsorbing heavy metals. LODs and LOQs 
ranging from 0.0009-0.02 μg L-1 and 0.007-0.047 μg L-1 were obtained with respect to the 
analytical efficiency of the DSPE. It was observed that the accuracy (percent RSD) of the 
process was <5 percent, which was satisfactory for water analysis. Finally, the produced DSPE 
was extended to samples of river water. The overall results obtained showed that Fe3O4@MnO2 
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CHAPTER 5:  
GENERAL CONCLUSIONS AND FUTURE PERSPECTIVES  
 
5.1 GENERAL CONCLUSIONS  
Various nanomaterial-based adsorbents have been developed and applied in this master thesis 
for the development of various sample preparation techniques for the removal, isolation and 
preconcentration of trace elements from environmental matrices. The sample preparation 
methods developed allowed the quantification using spectrometric techniques of targeted 
pollutants. In addition, the combination of solid phased-based ICP-OES methodologies 
produced LODs that were equivalent to those of advanced instrumentation. While conclusions 
were taken at the end of each chapter, the following section addresses general conclusions that 
outline the overall findings of the analysis. Furthermore, proposals are briefly highlighted for 
further work or possible fields of research that are outside the reach of this thesis.  
Different nanomaterials were prepared and used as adsorbents for the DSPE processes, such as 
Fe3O4@Al2O3 and Fe3O4@MnO2. For concurrent extraction and preconcentration of As, Cd, 
Cr and Pb from environmental matrices, the DSPE approach based on iron oxide composite as 
an adsorbent was used. In general, the technique demonstrated unusual features such as low 
LODs and LOQs, good accuracy, relative strength and simplicity. In addition, spike recovery 
experiments confirmed the precision of the DSPE, and the results showed the strength and 
performance of all nanomaterial composites in heavy metal extraction. In addition, the 
comparatively high potential of adsorption and reusability of the nanocomposites have shown 
that the adsorbents are all economically friendly. The reliability and applicability of the DSPE 
produced in the river and tap water extraction target analytes were evaluated and the results 
were satisfactory.  
  
5.2 FUTURE PERSPECTIVES   
Several facets of this research will require attention in the near future and the future studies 
listed below are proposed based on the findings of the current work:  
• In-depth awareness of the fate and transport of heavy metals and pharmaceuticals in 
wastewater treatment facilities is needed. In order to consider the occurrence of such 
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toxins, a mass balancing of metals needs to be carried out due to the fact that metal ions 
bioaccumulate and are non-biodegradable.Other greener sample preparation methods 
need to be explored to try and achieve maximum extraction efficiencies of inorganic and 
sensitivity in terms of LODs and LOQs can be improved.  
• For large-scale applications, the scaling and development of the adsorbent materials is 
important so it does not imitate the applications of the modern world.  
  
